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Abstract 
 
The  prevention  of  healthcare‐associated  infections  (HCAIs)  is  a  major  challenge 
currently  being  faced  by  hospitals  in  both  the  UK  and  worldwide.  The  hospital 
environment  acts  as  a  reservoir  for  nosocomial  organisms  contributing  towards  the 
transmission of bacteria and  thus  the colonisation and  infection  rates of  the  patient 
population. Therefore, it is desirable to implement measures to decrease the microbial 
load  within  the  hospital  environment  as  a  whole  and  particularly  on  frequently 
touched surfaces. Antimicrobial coatings could be applied to these surfaces, and used 
as an adjunct to other infection control policies to reduce the incidence of HCAIs.  
Novel nitrogen‐doped, sulfur‐doped and silver‐coated titanium dioxide photocatalytic 
thin  films  were  generated  by  sol‐gel  or  chemical  vapour  deposition.  The  materials 
exhibited antibacterial properties after exposure to a white light commonly used in UK 
hospitals. However, it was difficult to synthesise reproducible thin films using the CVD 
method  of  deposition.  An  additional  antibacterial  material  was  generated  with  the 
potential  to be used  in endotracheal  tubes to  reduce the  incidence of HCAIs such as 
ventilator‐associated  pneumonia.  The  novel  polymer  was  impregnated  with  a 
photosensitiser using a swell encapsulation method, and activated with laser light; the 
antibacterial and anti‐adhesive properties were then assessed. 
Sampling  the  test  surfaces  by  swabbing  and  subsequently  performing  viable  counts 
was  shown  to  provide  an  adequate  estimate  of  concentration  of  bacteria  on  a  test 
surface. The nitrogen‐ and sulfur‐doped titanium dioxide coatings displayed significant 
photocatalytic activity against Escherichia  coli after exposure  to a white  light  source, 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which demonstrate d a shift in the band gap from the UV to the visible region of the 
electromagnetic  spectrum.  Visible  light  photocatalysis  was  confirmed  on  the  silver‐
coated  titania  thin  films  when  a  UV  filter  was  used  to  block  out  the  minimal  UV 
component of the white light source, in the form of photo‐oxidation of stearic acid, a 
reduction  in  the water  contact angle and photocatalytic activity against an epidemic 
strain  of  meticillin  resistant  Staphylococcus  aureus  (EMRSA‐16).  This  is  the  first 
example  of  unambiguous  visible  light  photocatalysis  and  photo‐induced 
superhydrophilicity  alongside  a  titanium  dioxide  control  that  shows  no  activation.  A 
reduction  in  the  viability  of  EMRSA‐16  adhered  onto  the  surface  of  the  irradiated 
silver‐coated titania thin films was also demonstrated. 
A significant reduction in the recovery of Pseudomonas aeruginosa, Stenotrophomonas 
maltophilia,  Acinetobacter  baumannii  and  Candida  albicans  was  observed  on  TBO‐
impregnated  polymers,  after  irradiation  with  a  HeNe  laser  light.  A  recently  isolated 
clinical strain of P. aeruginosa showed decreased susceptibility to the photo‐activity of 
the  TBO‐impregnated  polymers  compared  with  a  laboratory  type  strain.  Finally,  a 
significant  reduction  in  the  adhesion  of  P.  aeruginosa  on  the  TBO‐impregnated 
polymers  was  demonstrated  after  a  3‐step  irradiation  schedule.  A  photo‐bleaching 
effect  was  noted  after  light  exposure  that  reduced  the  antibacterial  activity  of  the 
polymers, which demonstrates the requirement for further modification to retain the 
photosensitiser within the polyurethane matrix. 
These  novel  materials  have  the  potential  to  be  used  as  anti‐microbial  surfaces  in 
healthcare environments. 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1 Introduction 
1.1 Healthcare‐associated infections 
Healthcare‐associated  infections  (HCAIs) are defined by the Department of Health as 
“any  infection  by  any  infectious  agent  acquired  as  a  consequence  of  a  person’s 
treatment in healthcare” (Department of Health, 2008) and they are among the most 
common adverse events  in hospitalised patients  (Leape et al.,  1991). Organisms  that 
cause  HCAIs  are  able  to  cause  disease  in  the  susceptible  host  and  survive  in  the 
hospital  environment  for  long  periods  of  time  (Dancer,  2011).  The  prevention  and 
control  of  HCAIs  within  healthcare  institutions  both  in  the  UK  and  worldwide,  is  a 
major priority and the recently revised document from the Department of Health, ‘The 
Health  Act  2006:  Code  of  Practice  for  the  Prevention  and  Control  of  Healthcare‐
Associated Infections’ details standards required to achieve these aims (Department of 
Health,  2008).  Mandatory  surveillance  of  certain  infections  such  as  orthopaedic 
surgical  site  infections,  and  those  caused  by  specific  bacteria  such  as  meticillin‐
resistant Staphylococcus aureus (MRSA) and Clostridium difficile have been introduced 
because of the morbidity and mortality associated with those infections (Report by the 
Comptroller  and  Auditor  General  ‐  HC  Session  2003‐2004).  Surveillance  data  are 
updated fortnightly and are available at www.data.gov.uk. The mandatory surveillance 
scheme was extended in June 2011 to  include rates of Escherichia coli and meticillin‐
sensitive  S.  aureus  bacteraemia  (Health  Protection  Agency,  2011a).  Government 
targets are also in place to reduce the incidence of infections caused by S. aureus and 
C. difficile. Both of these organisms can reside in harmony within healthy human hosts 
but  cause  serious  problems when  growth  is  uncontrolled  or  permitted  outside  their 
usual niches. 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Approximately  1.7  million  HCAIs  are  acquired  annually  in  the  American  healthcare 
environment  resulting  in  nearly  99,000  deaths  a  year,  greater  than  the  number  of 
cases of any notifiable disease, with an associated cost per patient of between $16,359 
and  $19,430  (Scott  II,  2009). When  this  figure  is  scaled  up  it  amounts  to  a  cost  of 
between $28.4 to 33.8 billion dollars per annum (Klevens et al., 2007; Scott II, 2009). In 
response to the rising cost of  in‐patient care, the Centers for Medicare and Medicaid 
Services  which  provide  health  insurance  for  certain  sections  of  the  American 
population, have discontinued payment to hospitals if the patient is afflicted by one of 
eight  ‘preventable  complications’  during  their  stay  (Rosenthal,  2007).  The  HCAIs 
included  in  this  list  are  catheter  associated  urinary  tract  infections  and  vascular 
catheter‐associated  infections.  An  estimated  13,000  deaths  were  caused  by  urinary 
tract infection alone in 2002 (Klevens et al., 2007). 
In England, approximately 1  in 10 patients have an HCAI at any one time, accounting 
for 100,000 cases and 5,000 deaths per annum (Report by the Comptroller and Auditor 
General ‐ HC 230 Session 1999‐2000; Report by the Comptroller and Auditor General ‐ 
HC Session 2003‐2004). Patients that acquire an HCAI are required to stay in hospital 
for  an  average  of  eleven  additional  days  and  incur  treatment  costs  of  nearly  three 
times that of an uninfected patient; they are also seven times more likely to die than 
patients that did not acquire an HCAI (Plowman et al., 2000; Report by the Comptroller 
and  Auditor  General  ‐  HC  Session  2003‐2004,  2004).  The  financial  cost  of  HCAIs  in 
England has been calculated to be approximately £1 billion per annum and up to 30% 
of these infections can be prevented (Plowman et al., 2000). Introducing preventative 
measures costs less than treating the infection itself so intensive efforts are in place to 
  22 
reduce  infection  rates  (Report  by  the  Comptroller  and Auditor General  ‐  HC  Session 
2003‐2004, 2004). 
1.1.1 Organisms causing HCAIs 
1.1.1.1 Meticillin‐resistant S. aureus (MRSA) 
S.  aureus  is  found  in  the  anterior  nares  of  20%  of  the  population  (Report  by  the 
Comptroller  and Auditor General  ‐  HC  Session  2003‐2004,  2004;  Alekshun  and  Levy, 
2006) but causes infection in wounds, which can lead to osteomyelitis if it reaches the 
bone, abscesses if  it penetrates deep into the tissues, bacteraemia and septicaemia if 
it gets into the bloodstream and from this point it could seed into any organ and cause 
disseminated disease. Meticillin‐resistant S. aureus (MRSA) is resistant to the β‐lactam 
group  of  antibiotics,  which  was  the  first  line  therapy  before  the  widespread 
development  of  resistance.  This  resistance  decreases  the  number  of  available 
treatment options, requiring the use of antibiotics with greater side effects, which can 
prolong the duration of treatment and the time spent in hospital.  
MRSA  is most  commonly  transmitted between patients via  contaminated hands, but 
the persistence of the organism in the environment also provides an important source. 
Additionally, the presence of MRSA in the nasal passages of colonised patients enables 
spread via respiratory droplet nuclei. For these reasons, the near patient environment 
is  often  contaminated with  bacteria  and  the most  likely  sources  of MRSA/meticillin‐
sensitive  (MSSA)  contamination  in  colonised  patients  are  the  floor  and  bedframe, 
followed by the patient locker and the overbed table (Mulvey et al., 2011). 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1.1.1.2 Glycopeptide‐resistant enterococci 
Glycopeptide‐resistant  enterococci  (GRE)  predominantly  cause  infections  of  the 
bloodstream, abdomen, pelvis or open wounds in immunocompromised patients. This 
patient  group  is  likely  to  have  had  previous  antibiotic  treatment  and  a  prolonged 
hospital  stay,  due  to  significant  co‐morbidities  such  as  liver  or  renal  disease, 
haematological malignancies or diabetes (Han et al., 2009) usually in a specialist ward 
such  as  intensive  care  or  a  renal  unit  (Health  Protection  Agency,  2011b).  GRE  are 
resistant  to  the  glycopeptide  group  of  antibiotics,  which  includes  vancomycin  and 
teicoplanin. Infections are usually either nosocomial or due to endogenous inoculation 
and are difficult to treat due to the lack of treatment options and the vulnerability of 
the affected patient. 
The  first  reports of glycopeptide  resistant enterococci were documented  in  the mid‐
1980s (Uttley et al., 1988) and there has been a significant increase in the incidence of 
both GRE colonisation and  infection since; between 1989 and 1995 the proportion of 
glycopeptide‐resistant  strains  of  enterococci  isolated  in  the  United  States  rose  from 
0.3% to 10.4% (Gaynes et al., 1996). The emergence of GRE coincided with an increase 
in  the  use  of  vancomycin  (Ena  et  al.,  1993)  and  it  is  possible  that  sub‐inhibitory 
concentrations of vancomycin were generated in the tissues of these patients so that 
vancomycin‐resistance  was  selected  alongside  an  overgrowth  of  the  resistant 
Enterococcus faecalis (Uttley et al., 1988). A recent 10‐year study calculated the 60‐day 
mortality of patients with GRE bacteraemia at 57% and as standard empirical therapy 
often does not  include cover  for GRE, suitable antimicrobial  therapy  is often delayed 
which further increases mortality (Han et al., 2009). 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GRE  have  increased  tolerance  to  environmental  conditions  and  therefore  have  an 
improved  survival  rate  compared  with MRSA.  However,  transmission  of  GRE  is  less 
frequent  because  the  colonisation  site  is  usually  the  gastrointestinal  tract  whereas 
MRSA commonly colonises the nasal passages allowing for transmission via respiratory 
droplets  (Dancer,  2002).  Unwashed  hands  remain  an  important  fomite  in  the 
transmission of GRE. 
1.1.1.3 C. difficile  
C.  difficile  can  be  found  in  small  numbers  in  the  large  intestines  of  some  healthy 
humans. However, when the normal microbiota of the gut  is compromised either by 
the use of broad spectrum antibiotics such as cephalosporins due to co‐morbidities, or 
old age, the colonisation resistance effect of the gut is depleted which allows C. difficile 
to  proliferate  (Wilcox,  1996).  The  clinical  presentation  ranges  from  asymptomatic 
carriage,  through  to  profuse  diarrhoea  and  in  serious  cases  toxic  megacolon  and 
pseudomembranous  colitis  which  carries  a  significant  mortality  rate  (Alekshun  and 
Levy, 2006). C. difficile  produces  toxins during growth which damage  the  integrity of 
the colon and this damage contributes to the clinical symptoms. C. difficile  is capable 
of  entering  a  dormant  phase  during  which  the  bacterial  cells  sporulate,  and  these 
spores  have  increased  resistance  to  harsh  environmental  conditions  such  as 
desiccation, extremes in temperature and disinfectants. Spores are often found in high 
numbers  in  the  areas  surrounding  C.  difficile  positive  patients  (Dancer,  1999)  and 
elimination  of  this  environmental  source  has  been  cited  as  a  contributing  factor  in 
halting the onward transmission of infection (Samore et al., 1996). 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1.1.1.4 Organisms causing ventilator‐associated pneumonia 
Ventilator‐associated pneumonia (VAP) is a nosocomial bacterial infection of the lungs 
with a multifactorial etiology. An endotracheal tube (ETT) is placed along the trachea 
and is connected to a ventilator to allow mechanically assisted breathing. The physical 
presence of the tube  interferes with the normal clearing of secretions such as mucus 
from  the  upper  airways  and  allows  micro‐aspiration  of  contaminated  subglottic 
secretions into the lungs. These secretions are contaminated with commensal bacteria 
which  provide  a  source  for  a  pulmonary  infection.  The  lumen  of  the  ETT  itself  can 
become  colonised  with  bacteria,  providing  an  additional  source  of  infection.  The 
organisms  most  commonly  implicated  are  S.  aureus,  Pseudomonas  aeruginosa, 
Acinetobacter  species  and  Stenotrophomonas  maltophilia  (Johanson  et  al.,  1972; 
Weber et al., 2007; Bouadma et al., 2010); these organisms are not usual commensals 
of  the  upper  respiratory  tract  but  the  normal  flora  of  hospitalised  patients  tends  to 
contain a greater proportion of Gram‐negative bacilli, which are also  likely to display 
multidrug resistance phenotypes. VAP is the most common HCAI in the intensive care 
unit, accounting for 30 ‐ 50% of infections and is associated with increased duration of 
intubation and  increased  length of hospital  stay  (Kollef et al.,  2008; Bouadma et al., 
2010). 
The estimated number of infections caused by VAP in the United States is 52,543, with 
an attributable cost of between $14,806 and $27,520 per patient (Klevens et al., 2007). 
When all nosocomial pneumonias were considered, there were nearly 36,000 deaths 
in the United States and of the patients that survived, the extra  length of stay  in the 
hospital was 9 days (Wenzel, 1995). 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1.2 Relevance of the environment in HCAIs 
Dr  Ignac  Semmelweis,  dubbed  the  ‘Father  of  Infection  Control’,  first  described  the 
importance of clean hands in the prevention of infection in 1861 (Semmelweis, 1861). 
He noticed an increased rate of puerperal fever in a labour ward attended exclusively 
by  clinicians  compared  to a neighbouring ward attended exclusively by nursing  staff. 
The clinicians performed autopsies on cadavers before attending to parturient patients 
but did not wash their hands after the investigations, thus allowing the transfer of the 
‘cadaveric particles’ to the women in labour. Semmelweis proposed that all examiners 
should  wash  their  hands  in  a  solution  of  chlorinated  lime  to  destroy  the  cadaveric 
material adhering to the hands. By introducing this measure, he reduced the rates of 
childhood mortality from 11.4% in 1846 to 1.8% in 1848 (Semmelweis, 1861).  
More recently, the NHS National Patient Safety Agency launched the ‘cleanyourhands’ 
campaign, with the aim to improve the hand hygiene of healthcare workers in order to 
reduce  the  incidence  of  HCAIs  (NHS  National  Patient  Safety  Agency,  2004).  Hand 
hygiene  plays  an  essential  role  in  preventing  the  transmission  of  microorganisms 
(Casewell and Phillips, 1977; Hayden et al., 2006; Dancer, 2010) and it is recommended 
both  in  the  scientific  literature  and  by  the  World  Health  Organisation  that  hands 
should  be  decontaminated  before  and  after  touching  a  patient,  before  any  aseptic 
procedure and after exposure to body fluids, as detailed in Figure 1.1. 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Figure  1.1  The  World  Health  Organisation  Five  Moments  for  Hand  Hygiene 
recommend  hand  decontamination  after  touching  the  near  patient  environment 
(Pittet et al., 2009) 
The  guidelines  also  recommend  that  hands  should  be  decontaminated  after  contact 
with the environment surrounding a patient as evidence shows that sites close to the 
patient can be heavily contaminated with bacteria or bacterial spores (Samore et al., 
1996; Weber and Rutala, 1997; Devine et al., 2001; Boyce and Pittet, 2002; Oie et al., 
2007;  Dancer  et  al.,  2008;  Pittet  et  al.,  2009).  The  role  of  the  environment  in  the 
transmission  of  HCAIs  has  been  demonstrated  in  the  scientific  literature,  and  is 
illustrated in Figure 1.2. 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Figure  1.2  Transmission  routes  of  pathogens  within  a  hospital  environment.  Bold 
arrows  indicate  potential  routes  of  pathogen  transfer,  and  red  crosses  denote  a 
disruption in transmission 
Two  independent  routes  have  been  described  (Talon,  1999;  Boyce  and  Pittet,  2002; 
Boyce, 2007; Dancer, 2008): 
1. A  healthcare  worker  (HCW)  contaminates  their  hands  by  touching  the 
environment, then touches a patient, leading to microbial transfer, or  
2. A susceptible patient touches a contaminated surface and the microorganisms 
are transferred directly from the environment to the same patient. 
Surfaces  that  are  frequently  touched  by  people  in  the  hospital  environment  are 
termed ‘hand‐touch surfaces’ and those that have been studied in the most detail to 
determine  levels  of  microbial  contamination  include  the  bed‐frame,  bedside  tables, 
door handles, toilet rails and toilet seats (Dancer, 2004; Denton et al., 2004; Boyce et 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al., 2008; Dancer et al., 2008; Huslage et al., 2010). Hand‐touch surfaces in the hospital 
environment  are  being  increasingly  implicated  in  the  transmission  of  nosocomial 
pathogens, patient colonisation by these organisms and outbreaks of HCAIs (Boyce et 
al., 1994; Weber and Rutala, 1997; Bartley et al., 2001; Department of Health, 2001; 
Rampling et al., 2001; French et al., 2004; Johnston et al., 2006; Dancer, 2010; Dancer 
and  Carling,  2010).  In  reality,  adherence  to  hand  washing  practices  has  remained 
substandard  but  even  exemplary  hand  hygiene  cannot  stop  transmission  if  the 
environment  has  a  high  bacterial  load  (Dharan  et  al.,  1999;  Boyce  and  Pittet,  2002; 
Dancer, 2004, 2010; Erasmus et al., 2010). 
The  risk  of  acquiring  MRSA,  GRE  or  C.  difficile  has  been  demonstrated  to  be 
significantly higher in patients admitted to a room whose previous occupant had been 
MRSA, GRE or C. difficile positive (McFarland et al., 1989; Huang et al., 2006; Dancer, 
2009; Carling and Bartley, 2010; Shaughnessy et al., 2011). Drees et al., (2008) showed 
patients who acquired GRE during their hospital stay were more likely to be in a room 
in which a GRE‐positive patient had previously occupied, and GRE was  isolated  from 
the  near‐patient  environment  in  25%  of  cases.  Bacteria  are  frequently  found  to 
contaminate  hand‐touch  surfaces,  even  after  cleaning,  and  organisms  commonly 
found include MRSA, GRE and other causes of HCAIs such as MSSA and Acinetobacter 
baumannii  (Denton et al.,  2004;  Lewis et al.,  2008; Boyce et al.,  2009; Mulvey et al., 
2011). 
The environment has also been shown to play a  role  in the transmission of  infection 
outside a hospital setting. An American study showed an increased rate of diarrhoeal 
disease in children attending day care centres where the environment was found to be 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contaminated with faecal coliforms (Laborde et al., 1993). The environmental sources 
implicated were moist sites such as sinks and taps and a two‐fold increase in the rate 
of  diarrhoea  was  found  in  children  attending  these  facitilites,  compared  to  centres 
with an uncontaminated environment. In a separate study of household cases of infant 
salmonellosis, the serotype of Salmonella excreted by the infected individual was also 
isolated  from  the  environment  (van  Schothorst  et  al.,  1978).  Chopping  boards  have 
been commonly  implicated  in the spread of gastroenteritis. For example,  inadequate 
cleaning  of  a  chopping  board  contaminated  with  juices  from  raw  turkeys  led  to  an 
outbreak  of  gastroenteritis  when  the  chopping  board  was  later  used  to  prepare 
sandwiches.  Additionally,  an  individual  investigating  the  outbreak  also  developed 
symptoms after touching the chopping board before smoking (Sanborn, 1963). 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The  risk of acquiring an  infection  from a contaminated environment  is multifactorial 
and difficult to directly assess (Boyce, 2007; Lewis et al., 2008). However, it is likely to 
be linked to: 
• the ability of the organism to survive desiccation; 
• the frequency and level of cleaning; 
• the level of surface contamination; 
• the frequency of recontamination after cleaning; 
• the  frequency of  contact with  the hand‐touch  surface by healthcare workers, 
patients and visitors; 
• the hygiene practices of the healthcare workers, patients and visitors. 
1.2.1 Bacterial survival of desiccation 
Some bacterial strains are more resilient to desiccation because of the ecological niche 
they occupy. For example, staphylococcal species are well adapted for survival on the 
arid  environment  of  the  skin  and  on  environmental  surfaces,  which  is  likely  to  be 
linked to matric and  ionic stress resistance (Chaibenjawong and Foster, 2011). MRSA 
has  been  shown  to  survive  for  over  2 months  on  a  cotton‐blanket  (Duckworth  and 
Jordens,  1990),  GRE  has  been  shown  to  survive  for  up  to  4  months  on  a  polyvinyl 
chloride  surface  (PVC)  (Wendt  et  al.,  1998)  and A.  baumannii was  recovered  from a 
patients  room  6 months  after  discharge  (Zanetti  et  al.,  2007).  Conversely, Neisseria 
gonorrhoeae thrives in the moisture‐rich environment of the genital and buccal tracts 
but  is  not  so  well  adapted  for  survival  on  the  predominantly  dry  hospital  surfaces 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(Griffith  et  al.,  2000).  Furthermore,  some  epidemic  strains  of  MRSA  (EMRSA)  have 
been shown to have an increased survival rate, and can survive in the environment at 
higher concentrations than sporadic strains (Farrington et al., 1992; Wagenvoort et al., 
2000). This provides a selective advantage and contributes towards its persistence and 
endemicity in the hospital environment (Talon, 1999). C. difficile spores can survive in 
the  environment  for many  years  and  spores  are  resistant  to  hand  decontamination 
products  such  as  alcohol  hand  gels,  which  further  contributes  to  the  persistence  of 
these organisms in the environment (BAPS, 1994). 
1.2.2 Cleaning frequency and standards 
The purpose of cleaning is twofold: the microbiological purpose is to reduce both the 
microbial  load  and  any  nutrients which  support  bacterial  growth  or  substances  that 
inhibit the activity of disinfectants; the non‐microbiological purpose is aesthetic and is 
to restore the appearance of the material and prevent deterioration (Collins, 1988). As 
thorough cleaning can reduce the microbial load then it can assist in breaking the cycle 
of  transmission of  infection within  the hospital environment  (Dancer, 2002;  Lewis et 
al.,  2008).  Indeed,  regular  disinfection  of  surfaces  has  been  shown  to  reduce  the 
transmission  of  hospital  pathogens  by  40%  and  enhanced  cleaning  of  the  patient 
environment  reduces  acquisition  of  bacteria  known  to  cause  HCAIs  (Hayden  et  al., 
2006;  Boyce,  2007;  Carling  and  Bartley,  2010).  Despite  this,  the  frequency  and 
standard  of  cleaning  has  decreased  in  recent  years  due  to  out‐sourcing  of  contracts 
and limitations on cleaning budgets (Dancer, 1999; Carling et al., 2008; Dancer, 2008). 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Cleaning with a detergent solution is usually sufficient, but the use of detergent alone 
has been shown to lead to an increase in bacterial contamination of hospital surfaces 
(Dharan et al., 1999; Dancer, 2011). A sporicidal agent, such as a chlorine containing 
formulation is required when the environment is contaminated with C. difficile (Weber 
and Rutala, 2011). 
Using ATP to assess the cleaning process is an effective tool as the total organic soiling 
of a surface can be determined (Hawronskyj and Holah, 1997). A surface could be free 
from  microbial  contamination  but  could  still  contain  a  high  level  of  organic  soil 
originating  from  food  residues  which  would  provide  nutrients  to  support  microbial 
growth (Whitehead et al., 2008). Dead bacteria and viable but non‐cultivable (VBNC) 
organisms can also be detected using ATP bioluminescence and would be missed by 
traditional  culturing  methods  (Poulis  et  al.,  1993).  ATP  bioluminescence  has  been 
shown  to  be  a  good  indicator  of  the  cleanliness  of  a  surface  and  of  likely  bacterial 
contamination (Griffith et al., 2000; Malik et al., 2003; Anderson et al., 2011). 
The  Department  of  Health  has  drawn  up  a  set  of  ‘Standard  Principles  for  the 
Prevention of Healthcare‐Associated Infections’ for hospitals to adhere to (Department 
of Health,  2001; NHS  Estates, 2004). The  first  guideline covers  the maintenance of a 
clean  hospital  environment  and  describes  the  potential  link  between  inadequate 
environmental hygiene and the spread of microorganisms capable of causing HCAIs. It 
recommends  that  the  hospital  environment  should  be  visibly  clean  and  free  from 
soilage and dust, but no microbiological guidance  is provided (Department of Health, 
2001). More recent guidance states that hospitals also have to provide and maintain a 
clean  and  appropriate  environment  for  healthcare  (Department  of  Health,  2008), 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although no specific recommendation on the cleanliness of the environment is given. 
The American based Centers  for Disease Control and Prevention have acknowledged 
this  association  in  a  set  of  guidelines  which  recommend  cleaning  or  disinfection  of 
environmental surfaces on a regular basis in addition to when visibly soiled (Rutala et 
al.,  2008)  and  more  frequent  cleaning  and  disinfection  of  high‐touch  surfaces  than 
minimal touch surfaces (Sehulster et al, 2003). These recommendations are all based 
on visual assessment to determine the cleanliness of the environment, which is a poor 
indication of the efficiency of the cleaning process (Malik et al., 2003). 
However,  proposed  cleaning  standards  are  not  always  adhered  to.  This  is 
demonstrated by an environmental audit of a renal unit in an Australian hospital that 
showed  just  43%  of  the minimum  standards were  being met  during  an  outbreak  of 
GRE  (Bartley  et  al.,  2001).  The  epidemic  was  terminated  with  a  combination  of 
measures  including  enhanced  environmental  cleaning  and  isolation  of  colonised 
patients to prevent onward transmission 
1.2.3 Level of surface contamination 
The level of environmental contamination is partly dependent on the patients’ site of 
colonisation or infection; patients with MRSA in the urine, stools or in a wound display 
higher  levels of environmental contamination than patients with MRSA  isolated from 
other  body  sites  (Rutala  et  al.,  1983;  Boyce  et  al.,  1997;  2007;  2007;  2008).  The 
environment  surrounding  a  GRE‐positive  patient  was  seven  times  more  likely  to  be 
contaminated with GRE than an un‐colonised patient (Hayden et al., 2006) and when 
the  routine  environmental  cleaning  regimen  was  improved  a  decrease  in 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environmental contamination was observed. Certainly contaminated rooms are a risk 
factor  for  the  acquisition  of  nosocomial  pathogens  (Hota,  2004)  and  a  positive 
correlation has been demonstrated between the level of A. baumannii environmental 
contamination  and  the  number  of  patients  colonised  or  infected with A.  baumannii 
(Denton et al., 2004). 
The minimum level of contamination on a surface needed to initiate colonisation of a 
patient, which  could  lead  to  an  infection,  has  not  been  quantified  and  is  difficult  to 
measure. Microbiological  standards  have  been  proposed  for  hand‐touch  surfaces  in 
hospitals in an attempt to determine whether the microbial contamination of a given 
surface  presents  a  risk  of  infection  for  any  patients  in  that  vicinity  (Dancer,  2004; 
Mulvey  et  al.,  2011).  It  was  proposed  that  an  integrated  and  risk  based  approach 
should  be  used  encompassing  visual  assessment,  rapid  assays  to  detect  organic  soil 
and  microbiological  testing.  The  standards  for  the  microbiological  assessment  were 
split into two sections: (i) the presence of indicator organisms and (ii) the total aerobic 
colony count. 
Indicator  organisms  are  pathogens  that  pose  a  significant  threat  to  patients  and 
include  MSSA,  MRSA,  C.  difficile,  Salmonella  species,  multi‐drug  resistant  Gram‐
negative bacilli, GRE and a  number of other organisms  that are  important  in  certain 
clinical  situations,  such  as  Aspergillus  species  in  a  ward  for  severely 
immunocompromised  patients.  This  standard  was  set  at  less  than  1  cfu  /  cm2.  The 
second standard was set to provide an indication of the complete microbial load on a 
given  surface, as a high microbial  load on a hand‐touch  surface  is  likely to  represent 
poor environmental cleaning and the heavy growth of other organisms may shield the 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presence of an indicator organism (Dancer, 2004). This standard was set at less than 5 
cfu / cm2. These standards have since been tested and adapted  in different hospitals 
using  various  detection  systems  to  validate  the  set  benchmarks  and  are  still  under 
review (Griffith et al., 2000; Malik et al., 2003; Aycicek et al., 2006; Griffith et al., 2007; 
Oie et al.,  2007; Dancer et al.,  2008;  Lewis et al.,  2008; Dancer, 2011; Mulvey et al., 
2011). 
1.2.4 Frequency of surface re‐contamination post‐cleaning 
The hospital environment is rapidly re‐contaminated after cleaning (Weber and Rutala, 
1997) and hospital floors can become re‐contaminated to the same level as before the 
cleaning  event,  within  2  hours  (Collins,  1988;  Dettenkofer  and  Spencer,  2007). 
Benchmarks could be used to establish how long it takes for a surface to become re‐
contaminated  after  cleaning  so  that  the  frequency  of  cleaning  could  be  optimised 
(Lewis  et  al.,  2008).  Bed  occupancy  rates  also  have  an  effect  on  the  microbial 
contamination of the hospital environment and the risk of  infection with MRSA. One 
study demonstrated greater bacterial contamination of sampled hand‐touch surfaces 
when bed  occupancy  rates were  above  95%  compared with  bed  occupancy  rates  of 
below 80%, and a  separate  study  showed  the  risk of  cross‐infection with MRSA was 
increased for patients in a five‐bedded bay compared with those in a four‐bedded bay 
(Kibbler et al., 1998; Dancer et al., 2008). Bed making has also been shown to increase 
airborne  levels of S. aureus, which  then have  the potential  to  settle on near‐patient 
surfaces and  further  contaminate  the environment  (Shiomori et al.,  2002; Hansen et 
al.,  2010).  Re‐contamination  of  the  patient  environment  is  not  surprising  given  that 
viable  skin  colonising  microorganisms  are  carried  on  skin  squames,  one  million  of 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which  are  shed  from  healthy  skin  each  day,  efficiently  transferring  bacteria  into  the 
immediate surroundings (Noble, 1975). 
Bacterial  contamination  of  the  environment  is  not  necessarily  detrimental  to  a 
patient’s  health.  Bacterial  contamination  of  the  hospital  environment  is  ubiquitous 
even  though  the  environment  is  dry  and  free  from  substances  that  encourage 
microbial  growth  (Collins,  1988;  Dettenkofer  et  al.,  2011).  Gram‐positive  cocci  are 
most  commonly  found  and  more  than  99%  are  likely  to  be  coagulase  negative 
commensals  and  thus  unlikely  to  cause  serious  disease.  To  create  an  environment 
completely  free  from  bacteria  would  require  sterilisation,  which  is  both  impractical 
and unnecessary. It would however be advantageous to create an environment where 
the bacterial population present does not contain pathogens and  is unlikely to cause 
infection (Collins, 1988). 
1.2.5 Frequency of contact with the hand‐touch surface 
By definition, hand contact upon hand‐touch surfaces  is  frequent, so the numbers of 
occasions  for  the potential  transfer of  pathogens  from contaminated hands  to  these 
surfaces,  or  vice  versa,  is  high.  The  near‐patient  environment  contains  numerous 
hand‐touch surfaces; on an intensive care unit for example, there are various items of 
instrumentation such as ventilators and monitors that could be potential reservoirs of 
infection  (Dancer,  2008).  Nursing  staff  rather  than  domestic  staff  are  usually 
responsible  for cleaning these surfaces and  it  is often a  low priority task,  in  fact only 
40%  of  these  surfaces  were  shown  to  be  cleaned  adequately  (Dancer  et  al.,  2008; 
Dancer,  2009;  Carling  and  Bartley,  2010).  Ten  hand‐touch  surfaces were  sampled  in 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two  surgical  units  over  a  one  year  period  and  it was  found  that  near‐patient,  hand‐
touch  sites  cleaned  by  trained  nursing  staff  were  most  likely  to  fail  microbiological 
hygiene  standards  as  opposed  to  surfaces  cleaned  by  domestic  staff  (Dancer  et  al., 
2008). Denton et al., (2004) clearly defined the responsibility for cleaning these hand‐
touch  surfaces  to  the different  staff  groups during an outbreak  of A. baumannii  and 
this  measure  along  with  a  number  of  others,  assisted  in  terminating  the  outbreak. 
Anderson et al., (2011) demonstrated more recently that surfaces cleaned by domestic 
staff  are  more  likely  to  pass  defined  hygiene  standards  than  surfaces  which  are 
cleaned by other staff such as nurses and clinical support workers. 
Hands  are  an  important  fomite  implicated  in  the  transfer  of  pathogens  between 
patients, and improvements in routine cleaning regimens have been associated with a 
decrease  in  the  contamination  on  the  hands  of  healthcare  workers  (Hayden  et  al., 
2006).  An  association  has  been  demonstrated  between  positive  cultures  from  the 
hands  of  healthcare  workers  and  C.  difficile  environmental  contamination,  which 
implies that the environment can play a role  in  contaminating the hands of the staff 
(Samore  et  al.,  1996;  Weber  and  Rutala,  2011).  Bhalla  et  al.,  (2004)  showed  the 
transfer  of  pathogens  from  the  near‐patient  environment  to  the  hands  of  the 
investigators in over half of the sampling occasions and surprisingly, pathogen transfer 
occurred  in occupied patient rooms, regardless of the colonisation or  infection status 
of  the  patient.  These  examples  demonstrate  the  importance  of  adhering  to  defined 
cleaning standards, with defined roles and responsibilities for staff members. 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1.2.6 Hygiene practices of staff, patients and visitors 
There  is a  large variation  in  the hand hygiene practices of healthcare workers and a 
recent  systematic  review  of  96  studies  reported  hand  hygiene  compliance  rates 
ranging  from  4  –  100% with  an  overall  average  rate  of  40%  (Erasmus  et  al.,  2010). 
Compliance was lower in the intensive care unit setting, amongst clinicians and before 
patient  contact,  even  though  this  is  the  first  of  The World  Health  Organisation  Five 
Moments  for  Hand  Hygiene  (Pittet  et  al.,  2009;  Erasmus  et  al.,  2010).  Intervention 
campaigns  to  improve  hand‐washing  compliance  are  often  effective  during  and 
immediately after the campaign (Cheng et al., 2011) but compliance rates often drop 
in the months after the intervention.  
Educating  staff  about  the  importance  of  cleaning  the  hospital  environment  has 
resulted  in  improvements  in  the  quality  of  cleaning  as  assessed  by  a  number  of 
methods: UV powders and gels have been applied to surfaces to assess the efficiency 
of the cleaning regimen and an increase in cleaning rates was achieved after feedback 
of  surveillance  results  (Carling  et  al.,  2008;  Munoz‐Price  et  al.,  2011).  ATP 
bioluminescence has also been used to assess contamination on hand‐touch surfaces 
and  a  reduction  in  the  relative  light  unit  (RLU)  values  was  observed  after  a  similar 
education  programmes  (Poulis  et  al.,  1993;  Griffith  et  al.,  2007;  Boyce  et  al.,  2009; 
Mulvey  et  al.,  2011).  Patient  and  visitor  involvement  in  hand  decontamination  also 
decreases bacterial contamination of the healthcare environment. 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1.3 Antimicrobial coatings 
Antibacterial  materials  could  be  used  to  supplement  cleaning  of  the  hospital 
environment and The Centres for Disease Control and Prevention recommend further 
evaluating  implementation  of  antimicrobial  materials  for  use  in  the  hospital 
environment (Rutala et al., 2008). It has been shown that bacteria can be spread from 
a contaminated area to a non‐contaminated area during the cleaning process (Dharan 
et  al.,  1999).  Recontamination  of  the  hospital  environment  also  occurs  readily  after 
cleaning  events  (Collins,  1988)  and  cleaning  has  often  been  found  to  be  inadequate 
with  studies  showing  only  34%  compliance with  policies  (Carling  and  Bartley,  2010; 
Carling et al., 2010).  
If hospital surfaces were coated with an antibacterial material, then the contaminated 
areas would be susceptible to the killing effect of the coating, and decontamination of 
the affected areas could occur  in between cleaning events. Continuous protection of 
the hospital environment in this way has been proposed by a number of authors as an 
adjunct  to  other  infection  control  procedures  (Casey  et  al.,  2010).  Reducing  the 
bacterial  load  in  the  environment  can  help  to  prevent  person‐to‐person  spread  of 
bacteria and the development of infection.  
MRSA has been  isolated from computer keyboards within a hospital ward  (Devine et 
al.,  2001);  however, when  self‐cleaning  keyboards were  used  in  a  surgical ward  in  a 
Scottish  hospital,  sampled  surfaces  were  consistently  below  the  defined  ATP 
benchmarks  and  passed  the  hygiene  standards  in  the  cleanliness  audit  (Anderson  et 
al., 2011). 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1.3.1 Silver as an antimicrobial agent 
Silver  has  a  broad  spectrum  of  activity  and  is  active  against  Gram‐negative  and  ‐
positive  bacteria,  fungi,  viruses  and  protozoa  (Davies  and  Etris,  1997;  Martinez‐
Gutierrez et al., 2010). The antibacterial effect of silver has been known for centuries, 
and was  used  by  the  ancient  Egyptians  and  Greeks  to  treat  infectious  ailments.  For 
example, Hippocrates described the use of a silver powder to treat ulcers (Hippocrates, 
400  BC)  and  at  around  the  same  time,  Alexander  the  Great  kept  his  drinking water 
clean  by  the  use  of  silver  water  vessels  (White,  2002).  Silver  was  re‐introduced  for 
topical  applications  in  the  1960s  in  the  forms  of  silver  nitrate  or  silver  sulfadiazine, 
especially in the prevention of wound infections (Moyer et al., 1965; Fox et al., 1969). 
In more  recent  times,  silver  has  been  coated  onto many  substrates  or  impregnated 
throughout substances to provide antibacterial protection (Melaiye and Youngs, 2005). 
The use of silver nanoparticles is increasing due to their high antibacterial activity and 
small size, which provides a large surface area to volume ratio (Ruparelia et al., 2008; 
Lv et al., 2010). 
1.3.1.1 Mechanism of action 
The mechanism behind the antibacterial activity of silver and other metal ions is due to 
the oligodynamic effect, first described by Karl Wilhelm von Nägeli as the lethal effect 
that small metal ions exert on living cells (Kraemer, 1905). Silver binds to thiol groups 
on  the  bacterial  proteins,  including  the  ribosome  and  NADH  dehydrogenase,  which 
inhibits the expression of enzymes required  in ATP production and prevents electron 
transfer  and  respiration,  respectively  (Davies  and  Etris,  1997;  Plowman  et  al.,  2000; 
Percival et al., 2005; Yamanaka et al., 2005; Kim et al., 2008; Liu et al., 2010). Oxidation 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of key components of the respiratory pathway inhibits bacterial respiration (Bragg and 
Rainnie, 1974) and silver also reacts with microbial DNA to cause the free DNA to form 
a  condensed Ag‐DNA  complex  in  the  centre  of  the  cell, which  results  in  a  loss  in  its 
replicative  function  (Feng  et  al.,  2000; Melaiye  and  Youngs,  2005).  Externally,  silver 
targets the bacterial cell membrane and once bound, causes pitting and  interference 
of  membrane  function,  which  has  been  visualised  by  electron  microscopy  (Clement 
and Jarrett, 1994; Lin et al., 1996; Percival et al., 2005; Kim et al., 2007). Interactions 
with the cell membrane also cause a collapse in the proton motive force, leading to the 
leakage of H+, de‐energisation of  the membrane and cell death  (Dibrov et al.,  2002). 
Silver  nanoparticles  have  also  been  shown  to  form  silver‐sulfur  aggregates  on  the 
surface of bacterial cells, which  interferes with the generation of  free radicals, which 
can cause damage to bacterial cell membranes (Kim et al., 2007). 
Serious  adverse  effects  of  silver  in  humans  is  limited  to  neurotoxicity, which  is  only 
experienced  if  the blood‐brain barrier  is breeched and  in vitro  toxicity to mammalian 
cells  has  not  been  replicated  in  the  treatment  of  wound  infections  (Melaiye  and 
Youngs, 2005; Taylor et al., 2009). 
Zone  of  inhibition  or  agar  pour  plate  tests  were  used  to  demonstrate  the  diffusible 
antibacterial activity of silver‐based compounds against a range of bacteria including E. 
coli,  Klebsiella  pneumoniae,  P.  aeruginosa,  Streptococcus  mutans,  S.  epidermidis,  S. 
aureus, Bacillus anthracis, Acinetobacter baylyi, Mycobacterium fortuitum and Candida 
albicans (Furno et al., 2004; Eby et al., 2009; Durucan and Akkopru, 2010; Gerasimchuk 
et al., 2010; Pollini et al., 2011; Rivero et al., 2011). This diffusible antibacterial activity 
would be advantageous for implants or surgical instruments to give an initial high dose 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of  silver  to  the  surrounding  environment,  which  would  decrease  the  likelihood  of 
resistance developing (Stobie et al., 2008). The release of silver  from the surface can 
be  further  controlled  by modifying  the  composition  of  the  coating  (Liu  et  al.,  2010). 
Combining silver with an antibiotic agent can further enhance the antibacterial activity 
(Fox, 1968; Shahverdi et al., 2007; Kim et al., 2008). 
1.3.1.2 Resistance to silver 
Silver  is a biocide and as such has multiple modes of action, unlike an antibiotic that 
tends to target a specific site (Percival et al., 2005). Biocides therefore have a broader 
spectrum  of  activity  and  resistance  is  less  likely  to  occur.  Silver  resistance  was  not 
detected in any bacterial strains causing urinary tract infections in patients with silver‐
coated  catheters  in  situ  over  a  12‐month  period  (Rupp  et  al.,  2004).  However, 
resistance  has  been  identified  in many  species  of  bacteria, mainly  from  burns  units 
where  silver‐based  dressings  are  used  to  prevent  bacterial  infection  (Clement  and 
Jarrett, 1994; Silver, 2003). 
A  strain  of  silver‐resistant Salmonella was  isolated  from a  hospital  in Massachusetts 
and the resistance determinant was found to be a 180 kb plasmid pMG101 (McHugh et 
al.,  1975).  Much  work  has  since  been  performed  on  this  plasmid  to  elucidate  the 
molecular  basis  for  resistance,  and  the  sequenced  region  is  available  on  Genbank 
(Gupta  et  al.,  1999).  The  gene  cluster  includes  a  periplasmic  silver‐specific  binding 
protein (SilE) and two parallel efflux pumps (SilP and SilCBA)  (Gupta et al., 1999) and 
amplification  of  these  genes  provides  a  rapid method of  identifying  resistant  strains 
(Percival  et  al.,  2008).  Genotypic  resistance  does  not  typically  translate  directly  into 
phenotypic  resistance;  three  strains  of  Enterobacter  cloacae  isolated  from  burn 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wounds were found to carry these resistant genes but still demonstrated susceptibility 
to  therapeutic  levels  of  silver  in  vitro  (Percival  et  al.,  2005).  The  widespread 
development of resistance to silver  is unlikely as bacteria have been exposed to sub‐
inhibitory  concentrations  of  this  metal  ion  for  centuries,  however  greater  use  will 
increase the likelihood of resistance developing (Percival et al., 2008). 
1.3.1.3 Applications of silver as an antimicrobial material 
1.3.1.3.1 Central venous catheters 
Silver‐coated catheters have been developed with the aim to reduce the probability of 
developing line‐associated infections, which are a common cause of HCAIs (Noimark et 
al., 2009; Syed et al., 2009). Experimentally, silver‐coated polyurethane catheters were 
inserted  into a rat model, and bacteria could not be  isolated from the surface of the 
lines after 6 weeks implantation in the internal jugular vein (Bambauer et al., 1997). A 
significant  reduction  in  E.  coli  adhesion  on  silver‐coated  polyurethane  catheters was 
demonstrated  in  vitro and of those bacteria that did adhere, a greater proportion of 
cells  found  on  the  silver‐containing  polymer  were  non‐viable  compared  to  the 
uncoated controls (Gray et al., 2003). 
1.3.1.3.2 Urinary catheters 
The  American‐based  Healthcare  Infection  Control  Practices  Advisory  Committee 
published guidelines detailing best practices  in the prevention of catheter‐associated 
urinary tract infection and the use of antimicrobial catheters were to be considered if 
other methods of decreasing rates of infection were failing (Gould et al., 2010). In the 
USA, a  trial on  the use of  silver/hydrogel  coated catheters was  conducted compared 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with  standard  silicone/hydrogel  urinary  catheters  and  the  incidence  of  catheter‐
associated  urinary‐tract  infections  fell  from 6.3  infections  per  1000  catheter  days  to 
2.6 infections per 1000 catheter days, achieving a 57% reduction overall (Rupp et al., 
2004).  In  a  separate  study,  a  60%  reduction  in  catheter‐associated  urinary‐tract 
infections was achieved following introduction of silver coated catheters, achieving an 
annual  saving  estimated  to  be  in  the  region  of  £38,000,  and  the  release  of  192  bed 
days (Report by the Comptroller and Auditor General ‐ HC Session 2003‐2004).  
1.3.1.4 Endotracheal tubes 
An  endotracheal  tube  (ETT)  containing  silver  nitrate  and  sodium  hydroxide  reduced 
adhesion of P. aeruginosa (Monteiro et al., 2009) and a number of other studies have 
demonstrated  clinical  efficency  of  silver  coated  ETTs;  this  is  further  discussed  in 
Section  1.4.  Silver  coated  endotracheal  tubes  have  been  approved  for  clinical  use  in 
the  USA,  but  the  increased  cost  and  risk  of  breakthrough  events  of  VAP  have 
prevented its’ widespread use (Raad et al., 2011). 
1.3.1.5 Environmental surfaces 
Silver‐based  compounds  can  also  be  employed  on  inanimate  surfaces  which  could 
potentially be added to hand‐touch surfaces; sol‐gel deposition was used to synthesise 
silver‐doped  phenyltriethoxysilane  films  that  prevented  S.  epidermidis  adhesion  and 
biofilm  formation  over  a  10‐day  period  (Stobie  et  al.,  2008).  Silver‐doped  TiO2  and 
titanium nitride thin films caused significant decreases  in the viability of S. aureus, E. 
coli, Streptococcus pyogenes and A. baumannii (Kelly et al., 2009; Wong et al., 2010). P. 
aeruginosa  appeared  more  sensitive  to  the  titanium  nitride  films  and  growth  was 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inhibited for up to 7 days, supporting the hypothesis that Gram‐positive bacteria are 
more  resistant  to  the  antibacterial  effects  of  silver.  This  could  be  due  to  the  larger 
amount  of  negatively‐charged  peptidoglycan  in  the  thicker  Gram‐positive  cell  wall 
which could bind  silver,  thus  reducing  the  silver available  to act upon  the  interior of 
the cell  to  cause damage  (Schierholz et al.,  1998; Kawahara et al.,  2000; Gray et al., 
2003; Monteiro et al.,  2009). However, other groups have  shown  that Gram‐positive 
and  ‐negative  strains  possess  similar  susceptibility  to  silver  (Ruparelia  et  al.,  2008; 
Wong et al., 2010). In a recent hospital study, a range of silver‐coated products were 
placed  in  ward  areas  to  monitor  the  effect  on  bacterial  contamination  of  the 
environment  and  up  to  98%  fewer  bacteria  were  recovered  from  the  environment, 
compared  with  a  control  ward  which  contained  uncoated  products  (Taylor  et  al., 
2009). The antimicrobial  activity  lasted  for  the duration of  the 12‐month  test period 
and adverse effects to silver were not reported. 
1.3.1.6 Other applications  
Surgical masks have been impregnated experimentally with titanium dioxide (TiO2) and 
silver nanoparticles and no viable S. aureus or E. coli was detected after 48 hours. No 
adverse reactions were observed in human volunteers (Li et al., 2006). Silver has been 
incorporated  into dental  composite  resins and a  slow and  sustained  release of  silver 
into the surrounding environment has been demonstrated with a 6‐log reduction in S. 
mutans  growth  after  12  hours  (Kawashita  et  al.,  2000).  These  composites  could 
potentially reduce infective causes of surgical implant failure (Flores et al., 2010). Silver 
nanoparticles have been  incorporated with  lysozyme and coated onto  stainless  steel 
surgical  blades  and  needles  and  significant  antibacterial  activity  against  a  panel  of 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Gram‐positive and Gram‐negative bacteria was observed (Eby et al., 2009). Silver was 
added  to  an  ethanol‐based  disinfectant  to  generate  additional  residual  antibacterial 
activity post‐application (Brady et al., 2003). Silver nanoparticles have also been used 
in environmental settings such as in wastewater treatment (Lin et al., 1996; Davies and 
Etris, 1997). 
1.3.2 Copper as an antimicrobial agent 
The antibacterial activity of copper has also been known for centuries and Hippocrates 
described it as a cure for ulcers (Hippocrates, 400 BC). A wide range of microorganisms 
are susceptible to copper, including S. aureus, E. coli, C. difficile, E. faecalis, E. faecium, 
Mycobacterium  tuberculosis, Aspergillus  fumigatus, C. albicans and  influenza A H1H1 
(Grass et al., 2010). Copper‐doped TiO2 coatings were applied to a titanium alloy as a 
model  for metal  implants  used  for  total  joint  arthroplasty,  and  a  6‐log  reduction  in 
MRSA growth was observed after 24 hours compared with the TiO2 coatings without 
the  copper  ions  (Haenle  et  al.,  2010).  Noyce  et  al.,  (2006)  inoculated  MRSA  onto 
copper surfaces and were unable to recover viable bacteria from the surfaces after 45 
minutes incubation at room temperature. Significant reductions were also achieved at 
4°C  and  from brass, which  contains  80%  copper,  although  extended  exposure  times 
were required. 
Copper surfaces have been assessed for their use in the healthcare environment in the 
UK, USA, Chile and Japan (Prado et al., 2010; Schmidt et al., 2011; Keevil and Warnes, 
2011). Copper‐containing taps, door push plates and toilet seats were  installed  in an 
acute  medical  ward  in  the  UK  and  compared  with  non‐copper  containing  control 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surfaces  and  the  level  of  bacterial  contamination  found  on  the  copper‐containing 
surfaces was significantly  lower than that found on the control surfaces (Casey et al., 
2010). The toilet seat and tap handle surfaces passed the benchmark microbiological 
standards  proposed  by  Dancer  (2004)  for  hand‐touch  surfaces  whereas  50%  of  the 
control surfaces failed. However, the cleanliness of the surface affects copper activity 
and  cumulative  soiling  and  cleaning  of  copper  surfaces  was  shown  to  inhibit 
antibacterial  activity;  this  decrease  in  antibacterial  activity  was  not  observed  on 
stainless steel control surfaces (Airey and Verran, 2007). 
The  mechanism  of  activity  of  copper  has  been  shown  to  be  predominantly  due  to 
disruption  of  cellular  respiration, DNA damage  by  the  generation  of  reactive  oxygen 
and  ionic  copper  species,  which  cause  damage  to  bacterial  enzymes  and  proteins 
(Yoshida et al., 1993; Noyce et al., 2006; Weaver et al., 2010). The cell membrane may 
also  be  damaged  during  exposure  to  copper,  which  leads  to  rupture  and  loss  of 
membrane potential  (Grass et al., 2010), although this  is not the main mechanism of 
cell death (Warnes and Keevil, 2011). 
1.3.3 Titanium dioxide photocatalytic thin films 
Titanium  dioxide  has  inherent  light‐activated  antibacterial  activity  and  its 
functionalities have already been commercially exploited; TiO2  coatings are available 
as  self‐cleaning  glasses,  with  Pilkington  Activ™  and  Saint  Gobain  BIOCLEAN™  as  the 
market leaders. The glass can be used in windows, conservatories and glass roofs and 
requires  less  frequent  cleaning  because  of  the  dual  photocatalytic  and 
superhydrophilic  activities  of  TiO2.  Modified  TiO2  has  the  potential  for  use  in 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healthcare  institutions  to  reduce bacterial  contamination  of  the environment, but  to 
understand  how  the  TiO2  thin  films  are  activated  by  light  to  exert  an  antibacterial 
effect  it  is  first necessary to gain a basic understanding of band theory of solid state 
materials. 
1.3.3.1 Band theory of solids 
Solid  state  materials  can  be  split  into  three  categories;  conductors,  insulators  and 
semiconductors  (West, 1999). Their  characterisation within these groups depends on 
the band  structure which  in  turn  depends on  the positioning of  the electrons within 
the atoms and molecules as they come together to make a solid material. Electrons are 
arranged into bands that contain space, or ‘holes’ for the electrons to exist in. No two 
electrons can occupy the same space and it is preferential for the electrons to exist in 
pairs. The category of the solid depends upon the number of spaces available and how 
many electrons there are to fill these spaces. 
1.3.3.1.1 Conductors 
Materials characterised as conductors have an ‘unfilled conduction band’ (Figure 1.3).  
 
Figure 1.3 Schematic of a conduction band in a conductor 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The electrons in conductors are free to move from one hole to another with no energy 
input, and a hole  is left in the space from which the electron has moved (Figure 1.4). 
The  electrons  are  able  to  transport  charge  because  of  this  free  movement  and 
therefore  the  material  is  an  electronic  conductor.  Metallic  materials  fall  into  this 
category. 
 
Figure 1.4 Free movement of electrons within a conductor 
 
1.3.3.1.2 Insulators 
If  the conduction band of a material  is  full  (Figure 1.5),  the electrons are not able to 
move and so conduction of electricity will not be possible. This material is classified as 
an insulator. 
 
Figure 1.5 Schematic of a conduction band in an insulator 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1.3.3.1.3 Semi‐conductors 
In addition to the previously described bands, an additional set of electron holes also 
exists  above  the  conduction  band,  and  there  is  a  further  set  found  above  that. 
However,  an  input  of  energy  is  required  in  order  to  promote  an  electron  from  the 
valence  band  (highest  band  occupied  by  electrons)  to  the  conduction  band  (lowest 
band with spaces for electrons (Figure 1.6)). This energy input is called the band gap. 
 
Figure 1.6 Schematic displaying the band gap within a solid state material, where CB 
= conduction band and VB = valence band. 
 
The  band  gap  of  insulators  like  rubber  is  very  high  and  a  large  input  of  energy  is 
required  to  promote  the  electron  to  the  conduction  band.  Semiconductors  however 
have  an  accessible  band  gap  (Figure  1.7);  a  small  amount  of  energy  is  required  to 
promote an electron  to  the conduction band and  thus  create a  conductor out of an 
insulator  (Carp  et  al.,  2004).  Once  the  electron  has  been  promoted  conduction  can 
occur via two possible routes; either within the valence band using the positive holes 
created, or within the conduction bands through the movement of electrons. 
Electron hole 
Electron lying within a hole 
Band gap 
CB 
 
VB 
  52 
 
Figure 1.7 Promotion of an electron  from the valence band  (VB)  to  the conduction 
band (CB)  in a semiconductor after absorption of  light with a wavelength matching 
the band gap energy of the material 
 
The excited electron can subsequently fall from the conduction band into a hole in the 
valence band, which results in the emission of light energy of the same wavelength as 
the absorbed incident ray. Alternatively, semi‐conductor materials such as TiO2 can be 
doped with elements so that the separation of the hole and electron can be stabilised 
and the absorbed energy can be utilised. 
1.3.3.1.4 Doped Semiconductors 
Doped  semiconductors  can  be  classified  into  one  of  two  groups  depending  on  the 
chemical  properties  of  the  dopant  material;  n‐type  semiconductors  or  p‐type 
semiconductors. In an n‐type semiconductor, the dopant material has a valence band 
which  is slightly  lower  in energy than the conduction band of the semiconductor but 
higher in energy than the valence band of the semiconductor (Figure 1.8) (Carp et al., 
2004). Conduction occurs when an electron is promoted from the valence band of the 
dopant to the conduction band of the semiconductor, which requires less energy than 
the normal electronic transition. 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Figure 1.8 n‐type semiconductors ‐ positioning of the dopant valence band in relation 
to the semiconductor conduction band (CB) and valence band (VB) 
 
Alternatively, in a p‐type conductor the dopant material has a conduction band which 
is slightly lower in energy than the conduction band of the semiconductor (Figure 1.9). 
Electrons are trapped  in the dopant conduction band and conduction occurs through 
the  positive  holes.  The  number  of  electrons  should  always  equal  the  number  of 
positive holes because the production of a single free electron results in the creation 
of a single positive hole. 
 
Figure  1.9  p‐type  semiconductors  ‐  positioning  of  the  dopant  conduction  band  in 
relation to the semiconductor conduction band (CB) and valence band (VB) 
 
A number of processes can occur on the semiconductor after electronic excitation and 
these are summarised  in Figure 1.10 (Mills and LeHunte, 1997). An electron (‐) and a 
positive hole (+) are generated and as mentioned previously. The electron could return 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to  the  valence  band  of  the  semiconductor,  which  is  termed  electron‐hole 
recombination. This process could occur on the surface of the semiconductor  (Figure 
1.10,  i),  or  within  the  bulk  of  the  semiconductor  (Figure  1.10,  ii).  Alternatively,  the 
electron could reduce an electron acceptor  in a  redox reaction on the surface of the 
semiconductor (Figure 1.10, iii) or the positive hole could oxidise an electron donor on 
the surface of the semiconductor (Figure 1.10, iv). 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Figure 1.10 Diagram to illustrate the main reactions taking place on a semiconductor 
molecule after exposure  to a  light  source causing electronic excitation:  (i) electron 
hole recombination at the surface;  (ii) electron‐hole recombination  in the bulk;  (iii) 
reduction of an electron by an electron acceptor at  the  surface;  (iv) oxidation of a 
positive  hole  by  an  electron  donor  at  the  surface.  Figure  amended  from  the 
semiconductor review by Mills and Le Hunt (Mills and LeHunte, 1997). 
 
1.3.3.2 Titanium dioxide as a semiconductor 
Titanium  dioxide  (TiO2)  is  commonly  used  as  a  semiconductor  as  it  is  inexpensive, 
chemically  stable,  non‐toxic,  possesses  a  high  refractive  index  and  has  excellent 
transmission  in the  infrared and visible regions (Dobosz and Sobczynski, 2003; Parkin 
and Palgrave, 2005; Dunnill et al., 2011). TiO2 exists in many polymorphs, and the most 
abundant  are  anatase  and  rutile  (Parkin  and  Palgrave,  2005).  Pure  anatase  tends  to 
display  greater  photocatalytic  properties  than  rutile  due  to  the  faster  electron‐hole 
recombination rate of rutile titania (Mills and LeHunte, 1997; Allen et al., 2005; Brook 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et al., 2007b). When TiO2 in the anatase crystalline form is exposed to wavelengths of 
light below 385 nm, it behaves as an n‐type semiconductor (Carp et al., 2004) and free 
electrons and positive holes are created in the following reaction: 
         TiO2       h
+
vb + e
‐
cb 
The  positive  holes  react  with  water  present  on  the  surface  of  the  thin  films  in  the 
following reactions to generate hydroxyl free radicals: 
           h+vb + H2Oadsorbed       ·OH + H
+ 
             h+vb + 
‐OHsurface       ·OH 
The free electrons participate in the following reactions to generate the superoxide ion 
and subsequently, hydroxyl free radicals: 
              e‐cb + O2         O2·
‐ 
      2O2·
‐ + 2H2O         2HO· + 2OH
‐ + O2 
The generated reactive oxygen species can react with organic material on the surface 
of the semiconductor, which undergo oxidation or reduction reactions. Photoreactions 
occurring  on  the  surface  of  a  catalyst  such  as  TiO2  are  termed  heterogeneous 
photocatalysis (Mills and LeHunte, 1997). 
The generation of free electrons and positive holes in TiO2 was first described in 1972 
when water was decomposed after exposure to UV light (Fujishima and Honda, 1972). 
λ < 385 nm 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This was followed  in 1979 by research demonstrating the generation of the hydroxyl 
radical  by  electron  spin  resonance  after  irradiation  of  TiO2  by  UV  light  (Jaeger  and 
Bard, 1979). The heterogeneous photocatalytic process is dependent on the presence 
of water on the surface of the catalyst and oxygen as an electron acceptor (Figure 1.10, 
iii). 
1.3.3.3 Titanium dioxide‐based antibacterial photoactivity 
The  bactericidal  activity  of  the  TiO2  photocatalyst  increases  proportionately,  as  the 
concentration  of  oxygen  is  increased  from  0%  to  100%  (Wei  et  al.,  1994).  Near  UV 
light, with wavelengths between 300 and 400 nm is the  light source most commonly 
used  for  bacterial  photoinactivation  experiments  because UV  light with wavelengths 
under 300 nm are absorbed by nucleic acids and can cause major damage to organisms 
(Saito et al., 1992). Near UV light is not absorbed by nucleic acids and so any observed 
damage can be attributed to the photoactivity of the catalyst and not the incident light 
source. 
1.3.3.3.1 Demonstrating the loss of cell viability 
The seminal paper in the field of photocatalysis described the photoinactivation of the 
Gram‐positive  bacterium  Lactobacillus  acidophilus,  the  Gram‐negative  bacterium  E. 
coli,  the  yeast  Saccharomyces  cerevisiae  and  the  green  alga  Chlorella  vulgaris 
(Matsunaga et al., 1985). A suspension of platinum‐loaded titanium oxide was added 
to each microbial suspension before a UV light source was applied; a reduction in the 
viability  of  all  organisms  was  observed.  The  concentration  of  coenzyme  A  (CoA) 
generated throughout the course of the experiment was monitored and a decrease in 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CoA concentration was associated with a loss of cell viability. They postulated that the 
mechanism of action was the photoelectrochemical oxidation of CoA, which resulted 
in a decrease in the metabolic activity of the cells and subsequent cell death. 
The group  followed up these experiments by  immobilising the TiO2 particles within a 
membrane in a continuous flow system which was used to sterilise water spiked with 
E. coli (Matsunaga et al., 1988). A decrease in CoA concentration was again observed 
and  reactive  oxygen  species were  implicated  in  the  photoinactivation  of E.  coli.  The 
electron donor, CoA, was oxidised by the positively‐charged holes in the valence band. 
A  similar experimental  rig was used by  Ireland et al.,  (1993)  to  further elucidate  the 
mechanism  of  the  photocatalytic  bactericidal  activity  of  TiO2.  E.  coli  in  an  aqueous 
suspension  was  photoinactivated  and  after  a  9  minute  exposure  time  a  9  log10 
reduction was observed. When hydrogen peroxide (H2O2) was added to the system, it 
acted as an irreversible electron acceptor and participated in the following reactions: 
         H2O2 + e
‐
cb        ·OH + OH
‐ 
         H2O2 + O2·
‐        ·OH + OH‐ + O2 
The generation of hydroxyl radicals was promoted, which  in turn reduced the rate of 
electron‐hole recombination, which was accompanied by an increase in photocatalytic 
activity.  Photoinactivation  of  Streptococcus  sobrinus  was  also  demonstrated  after 
exposure to 21 nm diameter particles of TiO2 and UV light; a 5 log10 decrease in viable 
bacteria  was  seen  after  just  1  minute  at  a  bacterial  concentration  of  105  cfu  /  mL. 
Photocatalytic  activity  was  reduced  when  the  bacterial  inoculum  was  higher  and  it 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took  60 minutes  to  achieve  a  5  log10  decrease  in  S.  sorbrinus  when  a  10
9  cfu  / mL 
inoculum was used (Saito et al., 1992). 
A  combination  of  reactive  oxygen  species  is  necessary  to  exert  a  photocatalytic 
bactericidal effect, with  the hydroxyl  radical  as  the primary  radical  acting directly on 
the  cell  (Yan  et  al.,  2009).  Hydrogen  peroxide  has  also  been  postulated  to  directly 
contribute  towards  the  bactericidal  activity,  as  an  increase  in  the  concentration  of 
catalase,  which  degrades  hydrogen  peroxide  to  water  and  oxygen,  increased  the 
survival  rate  of  E.  coli  (Kikuchi  et  al.,  1997).  Therefore,  hydrogen  peroxide  could 
provide  a  source  of  hydroxyl  radicals  and  act  as  a  direct  attacking  agent  (Yan  et  al., 
2009). 
Viruses  have  also  been  shown  to  be  susceptible  to  the  photocatalytic  effect  of 
irradiated  TiO2.  The  non‐enveloped  polio  virus  was  spiked  into wastewater  samples 
containing a stock solution of anatase TiO2 and a rapid  inactivation of the polio virus 
was observed (Watts et al., 1995). A 2 log10 decrease in viable polio virus was detected 
after 30 minutes,  compared with a 150 minutes exposure  time  to achieve  the  same 
reduction of E. coli. The increased susceptibility of the polio virus to photoinactivation 
was postulated to be due to the low surface to volume ratio compared with bacteria, 
which provided a higher rate of hydroxyl radical reaction with the extracellular protein 
capsid of the virus (Watts et al., 1995). 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1.3.3.3.2 Detecting changes in the bacterial cell architecture 
The  activity  of  the  hydroxyl  radical  is  limited  by  diffusion  through  the  outer  and 
cytoplasmic  membranes  (Watts  et  al.,  1995;  Sunada  et  al.,  1998),  therefore 
compromise of these barriers will allow greater activity of the reactive oxygen species. 
Potassium  ion  (K+)  leakage  was  used  to  demonstrate  increased  cell  membrane 
permeability  as  an  indicator  of  damage  to  the  integrity  of  the  cell  membrane.  An 
increase in the extracellular K+ concentration was detected after light irradiation with 
TiO2 present as a powder, which occurred in parallel with the loss in cell viability (Saito 
et al., 1992; Lu et al., 2003). The leakage of larger molecules such as RNA and protein 
has also been detected accompanied by a loss in cell viability (Saito et al., 1992). 
Using  transmission  electron microscopy  (TEM),  the  internal  changes  associated with 
photocatalysis  could be visualised and  the destruction of  the cytoplasmic membrane 
and intracellular contents was observed after 60 – 120 minutes light irradiation (Saito 
et  al.,  1992).  The  reactive  oxygen  species  generated  initially  damaged  the  bacterial 
peptidoglycan  layer before attacking  the cytoplasmic membrane,  causing  irreversible 
damage. Changes in the outer membrane structure of E. coli inoculated onto TiO2 thin 
films  has  been  demonstrated  by  atomic  force  microscopy  (AFM)  (Lu  et  al.,  2003; 
Sunada et al., 2003). After 10 minutes, cell viability had decreased and a complete loss 
in integrity was seen after 60 minutes. When bacterial spheroplasts (which  lack a cell 
wall) were inoculated onto TiO2 thin films, the rate of bactericidal activity was greater 
than  that observed  for  the  intact  cells,  suggesting  that  the cell wall  has a protective 
effect  on  E.  coli  and  is  the  initial  site  of  photocatalytic  attack  (Sunada  et  al.,  2003). 
Quantum dots (QD) have also been used as a marker of changes in the permeability of 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the cell membrane. QD are light emitting colloidal nanocrystalline semiconductors and 
after  20 minutes  irradiation,  QD were  shown  to  enter  E.  coli  cells,  demonstrating  a 
change in cell membrane permeability (Lu et al., 2003). 
Lipid  peroxidation  has  been  demonstrated  to  occur  at  the  surface  of  E.  coli  during 
photoinactivation  in the presence of TiO2  (Maness et al., 1999; Sökmen et al.,  2001). 
Lipid peroxidation is a process in which free radicals remove electrons from lipids such 
as  those  within  the  bacterial  cell  membranes,  which  results  in  a  reduction  in  the 
integrity of the membrane and thus cell viability. Malondialdehyde (MDA), a product 
of lipid peroxidation, was used as a marker and an accumulation of MDA was detected 
with an accompanying decrease  in cellular respiratory activity. The authors proposed 
that  reactive  oxygen  species  were  generated  on  the  TiO2  surface  and  attacked  the 
polyunsaturated phospholipids present in the outer membrane (Maness et al., 1999). 
TiO2 particles also interact with the outer membrane causing reversible damage which 
does not affect the viability of the cells (Huang et al., 2000). Oxidative damage follows, 
which increases the permeability of the cell, causing efflux of intracellular components. 
Once  the cytoplasmic membrane has been  severely  compromised, TiO2 particles  can 
enter  the  cell  and  directly  attack  intracellular  components.  Intracellular  components 
are then able to leak out of the cell and the o‐nitrophenol (ONP) assay can be used to 
detect this. An increase in ONP levels was observed in E. coli which signified increased 
permeability  of  the  cell membranes  (Huang  et  al.,  2000).  Bacterial  endotoxin  is  also 
degraded  in  the  photocatalytic  process  and  occurs  simultaneously  with  E.  coli  cell 
death (Sunada et al., 1998). 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1.3.3.3.3 Photoinduced oxidative bacterial decomposition 
Interestingly, bacteria can undergo oxidative decomposition upon the surface of TiO2 
thin films upon exposure to 356 nm light (Jacoby et al., 1998). A suspension of E. coli 
was  inoculated onto  irradiated TiO2 thin films and SEM and carbon dioxide evolution 
was  used  to monitor  photocatalytic  oxidation.  After  75  hours  exposure  to  UV  light, 
decomposition of the bacterial cells was evident in stark contrast to the uncoated glass 
slides used as controls. A concomitant increase in the concentration of carbon dioxide 
(CO2) was also detected. Photocatalytic oxidation of Bacillus subtilis vegetative cells, B. 
subtilis spores and Aspergillus niger spores was also demonstrated, and increased CO2 
concentrations  were  used  as  markers  of  microbial  decomposition  (Wolfrum  et  al., 
2002).  The  rate  of  oxidation was  slower  for A.  niger  cells  compared with  the  other 
tested organisms. This has important translational implications as it provides evidence 
that  the  coatings  are  self‐cleaning  and  do  not  require  a  physical  removal  step  after 
photoinactivation;  organic  matter  present  on  the  surface  of  the  catalyst  can  be 
mineralised if exposed to the light source for an adequate time period providing more 
space for photocatalytic reactions to take place. 
1.3.3.4 Enhancing the properties of titanium dioxide thin films 
Additional elements can be added to TiO2 to alter the chemistry of the material. TiO2 
can  be  doped with  substances  such  as  nitrogen  or  sulfur  to  cause  a  batho‐chromic 
shift, which alters  the band onset energy  (Section 1.3.3.1.4)  so  that photons of  light 
with a lower frequency are absorbed and are able to excite the electrons to a higher 
energy state (Asahi et al., 2001; Carp et al., 2004). Transition metal ions such as iron, 
lead and copper can also be used as dopants to enhance the photocatalytic properties 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of TiO2 (Thompson and Yates, 2006). The aim of this doping is to generate a material 
that  can  be  activated  by  visible  light,  such  as  indoor  lighting  conditions,  which 
broadens  the  commercial  applications  of  the  material.  A  ten‐fold  increase  in  the 
number of photons available  for photocatalysis would be generated by a shift  in the 
TiO2 band onset of just 40 – 50 nm (Dunnill and Parkin, 2009). 
The  exact  mechanisms  governing  visible  light  photocatalysis  are  poorly  understood, 
although it is generally agreed that nitrogen doping causes increased photocatalysis at 
lower  photon  energies  and  localised  nitrogen  2p  states  above  the  valence  band  are 
generated by the addition of nitrogen (Thompson and Yates, 2006). It is not yet agreed 
whether  substitutional  or  interstitial  nitrogen  binding  provides  the  most  favourable 
visible light driven photocatalytic properties. 
1.4 Relevance of surfaces in ventilator‐associated pneumonia 
Ventilator‐associated  pneumonia  (VAP)  is  a  serious  healthcare‐associated  infection 
that  affects  patients  on  ventilators,  predominantly  in  the  intensive  care  unit.  The 
intubated patient usually has serious co‐morbidities such that they require assistance 
with  their breathing, and  the physical presence  of  the endotracheal  tube  (ETT) both 
compromises the normal action of the respiratory tract and allows micro‐aspiration of 
contaminated subglottic secretions. 
A number of clinical measures can be applied to prevent VAP as prevention requires a 
multifactorial  approach and  research  into  the  subject  includes  the use of alternative 
ETT materials  (Balk, 2002; Pneumatikos et al.,  2009; Torres et al.,  2009; Bouadma et 
al.,  2010;  Berra  et  al.,  2011;  Blot  et  al.,  2011;  Coppadoro  et  al.,  2011;  Rewa  and 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Muscedere,  2011).  Bacteria  originating  from  the  oropharynx  colonise  the  ETT  and 
produce a biofilm on the lumen of the tube which is difficult to remove and provides a 
potential source of colonisation and infection of the lower airways (Sottile et al., 1986). 
Therefore,  the  prevention  of  bacterial  adhesion  to  the  surface  of  the  ETT  and  the 
destruction and removal of bound organisms is of clinical interest (Berra et al., 2003). 
Polyurethane  cuffed  ETTs  are  being  used  in  preference  to  the  traditional 
polyvinylchloride ETTs as  they are more  flexible and a better  seal  is produced at  the 
base  of  the  tube  which  prevents  leakage  of  oropharngeal  contents  into  the  lower 
airways  (Berra  et  al.,  2008b;  Miller  et  al.,  2010).  An  alternative  novel  way  to 
decontaminate  the ETT  is by using  the Mucus Shaver which physically  removes both 
mucus  and  bacterial  biofilms  from  the  inner  lumen  of  the  tubing  (Kolobow  et  al., 
2005). 
ETTs  can  also  be  impregnated  with  antibiotics  or  other  antibacterial  compounds  to 
prevent the initial biofilm formation stage or to kill the adherent organisms. Silver ions 
have  been  added  to  polyurethane  ETTs  and  a  series  of  in  vitro  studies  have 
demonstrated  reduced  adherence  of  MRSA,  P.  aeruginosa,  Enterobacter  aerogenes 
and A. baumannii to the silver‐coated materials (Berra et al., 2008a; Rello et al., 2010). 
Colonisation of  silver‐coated  ETTs by P. aeruginosa was  shown  to be  lower and  take 
longer than on uncoated control ETTs, with lower levels of lung colonisation observed 
in ventilated dogs as a  consequence  (Olson et al.,  2002; Rello et al.,  2010). A  similar 
study  used  silver‐sulfadiazine  and  chlorhexidine  coated  ETTs  in  ventilated  dogs  and 
demonstrated a reduction in tracheal colonisation and an absence of lung colonisation 
(Berra et al., 2004). 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When silver‐coated ETTs were used in a study involving nine patients, none of the ETTs 
were colonised with pathogens,  there was  less colonisation of commensal organisms 
and there was a decrease in biofilm formation compared with the non‐coated control 
ETTs (Rello et al., 2010). A delayed ETT colonisation time and positive tracheal aspirate 
culture  time  was  demonstrated  in  an  earlier  study  using  the  same  coated  material 
(Rello et al.,  2006) and no bacterial  growth or biofilm production was detected on a 
silver sulfadiazine coated polyurethane ETT used  in a cohort of 46  intubated patients 
(Berra  et  al.,  2008b).  A  reduced  incidence  of  VAP within  10  days  of  intubation was 
observed in the NASCENT trial which recruited over 2,000 patients; silver‐coated ETTs 
were  used  in  the  test  group  and  were  compared  with  non‐coated  equivalents  that 
were used in the control group (Kollef et al., 2008). 
A  number  of  silver‐coated  ETTs  are  now  commercially  available  but widespread  use 
has  been  hindered  by  the  price, which  is  up  to  45  times more  than  uncoated  ETTs; 
however,  a  theoretical  cost‐analysis model  showed  silver‐coated  ETTs were  actually 
associated with financial savings of over $12,000 per averted case of VAP (Shorr et al., 
2009; Torres et al., 2009). 
Chlorhexidine has been combined with the dye brilliant green or gentian violet to form 
the  novel  compounds  gardine  and  gendine,  respectively.  These  compounds  have 
displayed significant antibacterial activity  in vitro and  in an elegant biofilm disruption 
assay, demonstrated superiority to silver coated ETTs. These compounds are relatively 
cheap  to  produce  and  the  authors  propose  clinical  use  after  thorough  in  vivo 
assessment (Chaiban et al., 2005; Hanna et al., 2006; Hachem et al., 2009; Reitzel et 
al., 2009; Raad et al., 2011). These studies  illustrate the benefits of antibacterial and 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novel  ETT materials  and  to  further  improve  the  incidence  of  VAP  and  other  device‐
related infections, further research should be conducted. 
1.4.1 Photodynamic therapy 
A different method of generating an antibacterial effect on the surface of the ETTs is 
via a process  called photodynamic  inactivation  (PDI). Phototherapy was  first used by 
the Nobel Prize winner Niels Finsen to treat a tuberculosis skin condition called  lupus 
vulgaris  in  the  1890’s  by  applying  light  directly  onto  the  lesions  (Bonnett,  1995; 
Dolmans et al., 2003). Photodynamic therapy (PDT) evolved from this initial work and 
involves  the  use  of  a  photosensitising  agent  and  a  light  source  to  generate  toxic 
reactive  oxygen  species  (Wainwright,  1998).  The  procedure  can  be  used  in  the 
targeted treatment of cancerous tumours (Marcus and McIntyre, 2002; Dolmans et al., 
2003),  in  ophthalmology  to  treat  age‐related  macular  degeneration  (Bressler  and 
Bressler, 2000), atherosclerosis (Rockson et al., 2000) and in the localised treatment of 
bacterial  infections, particularly in dentistry (Wainwright, 2003). When PDT is used to 
kill bacteria, it is termed photodynamic inactivation (PDI) (Hamblin and Hasan, 2004). 
There  are  two  types  of  photosensitisation  reactions,  type  I  and  type  II  and  the 
pathways involved in generating these reactions are illustrated in Figure 1.11. When a 
photosensitiser molecule  is  irradiated with  light of an appropriate wavelength,  it can 
undergo an electronic transition, to form the singlet excited state with paired electron 
spins. The molecule then either undergoes electronic decay and returns to the ground 
state or the energy can be transferred so that the molecule undergoes an electronic 
transition to the triplet excited state. The electron spins at this point are unpaired. The 
  67 
molecule  could  once  again  lose  the  energy,  depending  on  the  environmental 
conditions  and  the  structure  of  the  molecule  itself  and  return  to  the  ground  state. 
Alternatively,  if oxygen  is present,  the energy could be transferred and used to drive 
redox reactions and generate radical ions (type I) or to generate singlet oxygen (type II 
reaction).  The major  pathway  involved  in  generating  the  bactericidal  effect  in  PDI  is 
the  production  of  singlet  oxygen  (Wakayama  et  al.,  1980).  To  be  an  efficient 
photosensitiser, a molecule must be efficient at producing singlet oxygen and that  in 
turn  is dependent on the generation of a  large population of  long‐lived molecules  in 
the triplet state (Wainwright, 1998). 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Figure 1.11 Flow diagram to demonstrate the generation of singlet oxygen. The bold 
arrows  indicate  the  pathway  to  the  Type  II  reaction  (Bonnett,  1995;  Wainwright, 
1998). 
The  reactive oxygen  species‐driven bactericidal effect  is  similar  to  that generated by 
TiO2  thin  films  upon  irradiation  with  suitable  wavelengths  of  light.  Singlet  oxygen 
species exert a direct effect on microbial cells by oxidising cell constituents such as the 
cell wall,  cell membrane  or  intracellular  components  such  as  nucleic  acids, with  the 
cytoplasmic membrane as the primary target. PDI causes a loss of membrane integrity, 
such that the intracellular contents leak out of the cell, controlled transport of solutes 
across  the membrane  is  compromised  and  the  cell  loses  viability  due  to  the  lack  of 
essential  constituents needed  for anabolic and catabolic pathways  (Jori et al.,  2006). 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The  reactive oxygen  species are  then able  to access  the  intracellular DNA and cause 
further  damage  (Dunipace  et  al.,  1992;  Salmon‐Divon  et  al.,  2004;  Chi  et  al.,  2010). 
Singlet  oxygen  has  a  diffusion  distance  of  approximately  20  nm;  therefore  if  the 
bacterial  species  are  in  contact with  the  light‐activated material  then  the  generated 
singlet  oxygen  should  be  active  against  both  the  bacterial  cell  wall  and  underlying 
membrane.  
An advantageous  feature of PDI  is  that multi‐drug  resistant strains of bacteria which 
are  resistant  to  a  number  of  different  antibiotic  classes  do  not  show  enhanced 
resistance to PDI compared with the equivalent antibiotic sensitive strains (Malik et al., 
1990).  The  susceptibility  of  60  multi‐drug  resistant  strains  of  P.  aeruginosa  to  the 
photosensitiser  toluidine  blue  and  red  laser  light  were  compared with  19  antibiotic 
sensitive strains and no difference  in susceptibility was observed (Tseng et al., 2009). 
In addition, the growth phase of P. aeruginosa does not impact on its susceptibility to 
TBO‐mediated photosensitisation (Komerik and Wilson, 2002), unlike some classes of 
antibiotics which have selective activity for bacteria in the exponential phase of growth 
(Tuomanen et al.,  1986). Due to the multi‐site activity of the reactive oxygen species 
generated  during  light  irradiation,  it  is  unlikely  that  resistant  phenotypes  will  be 
selected (Hamblin and Hasan, 2004). 
1.4.1.1 Types of photosensitisers 
There  are  a  number  of  different  aromatic  compounds  which  can  act  as 
photosensitisers when irradiated by specific wavelengths of light. The compounds are 
usually  coloured  as  they  reflect  light  in  the  visible  part  of  the  electromagnetic 
spectrum.  An  ideal  photosensitiser  would  contain  an  overall  cationic  charge  as 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bacterial  cells  carry  an  overall  anionic  charge  because  of  the  presence  of  the 
cytoplasmic  membrane  (Hamblin  and  Hasan,  2004).  Examples  of  photosensitisers 
which have been used for PDI are the phenothiazines toluidine blue (Wakayama et al., 
1980; Paardekooper et al., 1992; Wainwright et al., 1997; Perni et al., 2009b; Ragas et 
al.,  2010)  and  methylene  blue  (Decraene  et  al.,  2009;  Perni  et  al.,  2009a),  the 
halogenated  xanthene  rose  bengal  (Decraene  et  al.,  2006)  and  acridines  such  as 
acridine orange (Wainwright et al., 1997). 
Photosensitisers can be used in solution and applied to the treatment area, or can be 
impregnated into a polymer which can be used in a variety of settings. For example, a 
solution  of  photosensitiser  can  be  injected  into  a  periodontal  pocket  before  the 
application of  laser light to exert PDI on the pathogens present (Wilson, 1993, 1996). 
Alternatively,  the  photosensitiser  could  be  immobilised  in  a  polymer  used  in  as  a 
catheter material, so that any bacteria present in the lumen or exterior of the tubing 
would  be  exposed  to  the  reactive  oxygen  species  generated  during  PDI  upon 
application of the light source (Perni et al., 2011). 
1.5 Methods of producing light‐activated antimicrobial materials 
1.5.1 Chemical vapour deposition 
Thin  films  of  TiO2  are  commonly  synthesised  using  the  chemical  vapour  deposition 
(CVD) technique,  indeed  it is the method used industrially by Pilkington to synthesise 
their Pilkington Activ™ self‐cleaning glasses (Mills et al., 2003). The deposition process 
requires heating to a high temperature (> 500°C), therefore the choice of substrate is 
limited  as  the  substrate  has  to  withstand  the  rise  in  temperature;  this  constraint 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makes glass an  ideal choice. Precursor molecules containing titanium and oxygen are 
heated  into  a  gaseous  phase  and  transported  via  the  nitrogen  carrier  gas  into  the 
reaction  chamber.  The  precursor molecules  are  adsorbed  onto  the  heated  substrate 
and decompose;  the elements of  choice  remain adhered  to  the  substrate and waste 
products are removed from the system by the nitrogen carrier gas (West, 1999; Carp 
et al., 2004; Page, 2009). A schematic of a typical CVD rig is displayed in Figure 1.12. 
 
 
Figure 1.12 Schematic  representation of a CVD apparatus. The  setup shown  in  this 
diagram  was  used  to  deposit  thin  films  of  titanium  oxynitride,  as  discussed  in 
Chapter 4 (Aiken et al., 2010). 
 
1.5.2 Sol‐gel 
The  sol‐gel  technique  is  considered  to  be  more  reproducible  than  CVD  and  the 
production  of  a  uniform  film  is  possible  on  a  small  scale  (Carp  et  al.,  2004).  To 
synthesise TiO2  thin  films by  the  sol‐gel method, a homogenous  solution  is prepared 
containing  the cationic  reactants  required  for  the  synthesis;  an alkoxide  is used as a 
  72 
source of TiO2, water is required to hydrolyse the alkoxide and an alcohol is added to 
catalyse  the  reaction  (West,  1999;  Rampaul  et  al.,  2003;  Page,  2009).  A  viscous  gel 
develops  containing  colloidal  particles, which  grows  further  as  the  solution  is  left  to 
age.  During  this  time,  the  water  and  alcohol  trapped  in  the  matrix  of  the  polymer 
evaporate,  and  so  the  resultant  aged  sol  is  transparent  and  homogenous  with  no 
crystalline phases or precipitates. The glass substrate can then be dipped into the sol 
and the sol adheres to the surface of the glass; it is removed at a constant rate so that 
the thin film produced is of a consistent thickness along the length of the material. The 
sol  dries  readily,  but  is  mechanically  weak,  so  is  sintered  at  a  high  temperature  to 
remove any organic matter and a dense, crystalline oxide coating is produced. 
1.5.3 Swell encapsulation 
Swell  encapsulation  is  a  chemical  method  used  to  impregnate  polymers  with  an 
organic  compound,  and  can  be  modified  to  add  a  photosensitiser  molecule  to  a 
polymer  in  order  to  generate  a  light‐activated  antibacterial  material.  When  an 
elastomer  is  immersed  in  an  organic  solution  containing  a  photosensitiser,  the 
photosensitiser is able to penetrate the polymer as the elastomeric matrix swells. The 
elastomer  is  removed  from  the  photosensitiser‐containing  solution  after  a  defined 
period and the polymer reverts back to its original size as the solvent evaporates. The 
photosensitiser remains embedded in the elastomeric matrix during evaporation, and 
the final concentration of photosensitiser can be adjusted by varying the concentration 
in the organic solution (Perni et al., 2009a; Perni et al., 2011). 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1.6 Measuring environmental contamination 
Accurate methods are required to monitor microbial contamination of environmental 
surfaces to assess cleaning regimens and to detect any bacteria present  (Manheimer 
and Ybanez, 1917; Salo and Wirtanen, 1999; Moore and Griffith, 2002; Verran et al., 
2002; Hedin et al., 2010; Verran et al., 2010a). 
1.6.1 Swabbing 
Bacterial  culture  is  a  widely  used  method,  as  any  viable  bacteria  present  can  be 
detected,  quantified  and  identified  at  a  relatively  low  cost.  The  test  surface  can  be 
sampled  using  a  swab  or  spatula,  which  can  be  made  from  a  variety  of  materials 
including cotton,  viscose, nylon  or man‐made substances  such as  the brush‐textured 
nylon  flock.  Samples  can  then  either  be  streaked  directly  onto  an  agar  plate  or  re‐
suspended into a growth enhancing broth before subculture onto solid media (Moore 
and Griffith, 2007).  If  the bacterial  inoculum  is high,  the sample can be serial diluted 
before  plating  out  to  allow  enumeration  of  the  single  colonies  on  the  culture  plate, 
ensuring  a  more  accurate  estimation  of  the  original  bacterial  inoculum.  Pathogenic 
yeasts and fungi can also be detected in this way. However, the technique relies upon 
the ability of  the  swab  to  collect all microbial  contamination on  the  surface and  the 
release of the organisms from the swab head during processing (Favero et al., 1968). 
1.6.2 Dipslides 
Environmental  surfaces  can  alternatively  be  directly  sampled  by  placing  a  section  of 
agar  directly  onto  the  surface  by  use  of  a  RODAC  (replicate  organism detection  and 
counting) plate or a similar sampling device and enumeration of the colonies after an 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incubation  period.  Dipslides  have  a  greater  sensitivity  and  reproducibility  compared 
with  swabbing without  enrichment  culture when  sampling  surfaces,  especially  if  the 
surface  is dry  (Moore et al., 2001; Moore and Griffith, 2002; Food Standards Agency, 
2004; Obee et al., 2007). However, quantification can be difficult if the surface level of 
contamination  is  too  high,  as  the  microbial  load  on  the  surface  cannot  be  diluted, 
resulting  in  confluent growth  on  the agar, which makes  colony counting  impractical. 
Growth  is  instead  classified  instead  as  moderate  or  heavy  based  on  the  surface 
coverage of the slide and comparison with visual images of controls. 
1.6.3 Air sampling 
Air  sampling  devices  are  used  to  sample  the  microbial  contamination  of  the 
surrounding air. A defined volume of air is drawn into the device and is passed over an 
agar  plate,  so  that  microorganisms  found  in  the  air  are  inoculated  onto  the  plate 
surface. Airborne spores are also  inoculated onto the plates and growth occurs after 
germination.  These  units  have  been  employed  in  the  healthcare  environment  to 
monitor  efficiency  of  cleaning  schedules  and  terminal  decontamination  regimens 
(Jeanes et al., 2005; Wong et al., 2011), the fungal contamination of air during building 
work (Goodley et al., 1994) and the quality of air in operating theatres (Whyte et al., 
1982; Hambraeus, 1988; Landrin et al., 2005). A risk factor for surgical site infections is 
microbial  contamination  of  the  air  in  operating  theatres,  so  knowledge  of  the  air 
quality  is essential  to ensure air handling units are  functioning correctly and prevent 
these infections occurring (Whyte et al., 1982; Hambraeus, 1988; Whyte et al., 1992). 
Microbial contamination of the air can also be monitored using settle plates, which are 
large  agar  plates  that  are  placed  in  the  test  environment.  Airborne micro‐organisms 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which  fall  onto  the  plates  are  then  detected  by  colony  counting  after  incubation. 
However,  droplet  nuclei  stay  suspended  in  the  air  so  cannot  be  detected  using  this 
method and the plates require  longer periods of sampling (circa 24 hours) compared 
with a mechanical device that takes minutes to obtain a sample. 
1.6.4 ATP bioluminescence 
All  of  the methods described above have  the disadvantage  that  they are dependent 
upon the ability of organisms to grow on solid media, so bacteria in the viable but non‐
cultivable  (VBNC)  state  would  not  be  cultured.  Alternative  sampling  methods  that 
overcome these limitations would therefore be useful (Moore and Griffith, 2007). ATP 
bioluminescence  is  a  process  based  upon  a  naturally  occurring  light‐generating 
reaction found in the North American firefly, Photinus pyralis (Hawronskyj and Holah, 
1997).  Both  the male  and  female  fireflies  use  the  generation  of  light  to  locate  one 
another and as mating signals (Encyclopedia Britannica, 2011). The luciferase enzyme 
isolated  from  P.  pyralis  can  be  used  in  the  laboratory  to  catalyse  the  oxidation  of 
luciferin using ATP as the energy source and the reaction is as follows: 
  ATP + D‐luciferin + O2         AMP +PPi + oxyluciferin + CO2 + light 
The  light  produced  during  the  reaction  can  be  quantified  by  a  luminometer  and  the 
output  is  given  in  relative  light  units  (RLU)  (Lundin,  2000).  The  generated  light  is 
directly proportional to the amount of ATP present in the initial sample as one photon 
of light is emitted per molecule of ATP. 
luciferase 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ATP  is  found  in all  living  organisms and  is also present as  free ATP  (Hawronskyj and 
Holah, 1997). Luminometers can be used to provide data on the level of organic debris 
and microbial contamination on a surface (Davidson et al., 1999). Eukaryotic ATP and 
ATP from extracellular sources can be degraded prior to the lysis of the bacterial cells 
with certain models  (Hawronskyj and Holah, 1997), enabling the number of bacterial 
cells to be calculated from the amount of light emitted. Results can be available from 
five to thirty minutes, eliminating the time‐consuming overnight incubation of culture 
plates. 
ATP  bioluminescence  has  been  used  for  the  last  decade  in  the  food  industry  and  is 
especially useful in complying with specific food regulations, which serve to reduce the 
risk of food spoilage and contamination (Hawronskyj and Holah, 1997; Davidson et al., 
1999; Wagenvoort et al., 2000). Qualitative measurements are usually taken so that a 
surface will  either pass  if  an acceptable number of bacteria are present or  fail  if  the 
number of bacteria  is  above a predetermined  level  (Cooper et al.,  2007). The use of 
ATP bioluminescence in these situations is advantageous as the results are available in 
minutes,  so  if  the  surface  contamination was  deemed  too  high  then  it  could  be  re‐
cleaned, re‐tested and food production could continue if it subsequently passed. 
There are a number of commercially available luminometers including the Clean‐Trace 
(BioTrace, Bridgend, UK), a portable luminometer, which detects ATP bioluminescence 
of both microbial and non‐microbial origin. This system is commonly used to assess the 
effectiveness  of  cleaning  regimens  as  organic  debris  is  also  detected.  The  easily 
transportable  BioProbe  (Hughes  Whitlock,  Gwent,  UK)  and  the  Junior  (Berthold 
Technologies GmbH, Bad Badwild, Germany) luminometers require additional reagents 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to  generate  RLU  readings,  as  does  the  Lumat  luminometer  (Berthold  Technologies 
GmbH).  The  Microbial  ATP  Kit  (BioThema  AB,  Sweden)  can  be  used  to  degrade 
exogenous ATP before  the bacterial  cells  are  lysed,  so a more accurate  indication  of 
the actual number of bacteria present on the test surface can be obtained (BioThema 
AB, 2006). These methodologies are not  commonly used  in  the healthcare or a  food 
environment, as they require a sample preparation step and take slightly longer (up to 
30  minutes).  These  methodologies  can  be  used  for  molecular  experiments  such  as 
reporter  gene  assays  where  a  higher  sensitivity  is  required  (Dyer  et  al.,  2000; 
McKeating et al., 2004; BioThema AB, 2006). 
1.6.5 Staining techniques 
Staining  techniques  could  alternatively  be  used  to  estimate  the  level  of  bacterial 
contamination on a surface. Acridine orange is a commonly used dye, used to perform 
direct  counts  on  test  surfaces,  although  no  indication  of  bacterial  viability  is  given. 
Fluorescent probes such as cyanoditolyl tetrazolium chloride (CTC) and rhodamine 123 
can be used as indicators of cell viability; CTC is reduced to crystalline CTC‐formazan, 
present  as  red  crystals  within  bacterial  cells  and  rhodamine  123  is  concentrated  in 
functioning mitochondria and cells fluoresce green (Yu and McFeters, 1994; Pyle et al., 
1995). Visualisation requires the use of appropriate excitation and emission filters on a 
fluorescent microscope (Yu and McFeters, 1994). The Live / Dead BacLight™ Bacterial 
Viability  stain  (Molecular  Probes  Inc)  is  a  fluorescent  dye  which  can  differentiate 
between viable and non‐viable bacterial cells. The kit contains two dyes, SYTO 9 and 
propidium iodide. SYTO 9 emits at 500 nm and stains all cells green whereas propidium 
iodide  is  a  red  stain  that  emits  at  635  nm and  penetrates  cells with  a  damaged  cell 
  78 
membrane (Boulos et al., 1999; Airey and Verran, 2007). All generated images can be 
captured on a camera attached to a fluorescent microscope to enable enumeration of 
the  organisms  present  using  computer  software  such  as  ImageJ 
(http://rsbweb.nih.gov/ij/index.html).  Direct  visualisation  techniques  can  also  detect 
the presence of non‐microbial contamination, such as organic soil  that could provide 
sustenance for bacterial growth (Verran et al., 2002). 
1.6.6 Summary of environmental sampling techniques 
There is currently no standardised technique for sampling environmental surfaces in a 
hospital  environment,  so  a  variety  of  methods  are  used  (Hedin  et  al.,  2010).  ATP 
bioluminescence  provides  a  snapshot  of  bacterial  contamination  and  can  detect  the 
presence  of  organic  soil.  Viable  bacteria  can  be  enumerated  by  performing  viable 
counts,  which  is  cheap  and  easy  to  perform  and  improvements  in  the  swab  head 
material  and  sampling  diluent  have  been  shown  to  increase  sampling  efficiency, 
although the improvements observed were minimal (Hedin et al., 2010). Visualisation 
techniques require more specialised equipment and stains, but intact biofilms can be 
observed without disruption and non‐viable bacteria  included  in  the bacterial  count. 
These techniques all possess inherent advantages and disadvantages so are best used 
with  clear  knowledge  of  these  limitations,  especially  when  interpreting  any  data 
generated (Verran et al., 2010a). 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1.7 Methods of  characterising and assessing  the  functionality of  light‐
activated antimicrobial materials 
1.7.1 UV‐visible‐IR spectroscopy 
UV‐visible‐IR spectroscopy can be used to predict the likely photocatalytic activity of a 
potential antibacterial material by calculating the band onset (Section 1.3.3.1.3). When 
incident light with a wavelength between 200 nm and 700 nm is applied to a candidate 
material, three readings can be taken: (i) the transmission of light through the sample; 
(ii)  the  absorption  of  light  by  the  sample  and  (iii)  the  reflectance  of  light  from  the 
sample. These readings can be used to estimate the band gap. A plot of (αhv)1/2 against 
hv  is then generated, where hv equals the incident light and a equals the absorbance 
coefficient (a = ‐logT/T0, where T equals the transmission reading of the sample and T0 
equals  the  transmission  of  the  substrate). When  the curve  is extrapolated along  the 
linear portion of the curve, the band gap can be read from the x axis (Tauc, 1968, 1970; 
Sharma et al., 2009). This is called a Tauc plot. The transmission data can also be used 
to calculate the thickness of the thin  films using the Swanepoel method  (Swanepoel, 
1983). 
1.7.2 Photooxidation of stearic acid 
The photodegradation of the organic molecule stearic acid (Figure 1.13) can be used to 
quantify  the  photocatalytic  self‐cleaning  ability  of  candidate  antibacterial  materials 
and is based on the following equation (Mills et al., 2002): 
CH3(CH2)16CO2H + 26O2        18CO2 + 18H2O 
hv ≥ band gap energy of semiconductor 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Carbon dioxide and water  is generated from organic molecules  in a cold combustion 
reaction (Parkin and Palgrave, 2005). The process is relatively simple to perform and so 
a  large  number  of  thin  films  can  be  screened  for  potential  photocatalytic  activity. 
Infrared  (IR)  spectroscopy  is  used  to  monitor  the  degradation  of  the  stearic  acid 
molecules.  The  thin  films  that  show  the  greatest  activity  by  this  method  can  then 
selected for antibacterial testing. 
 
Figure 1.13 Chemical structure of stearic acid C18H36O2 
Infrared spectroscopy is an analytical method used to observe the vibrational energies 
of  molecular  bonds.  Photons  of  light  from  the  IR  portion  of  the  electromagnetic 
spectrum  interact  with molecular  bonds within  the  sample.  The  incident  light  has  a 
lower  frequency  than  UV  or  visible  light  and  causes  molecular  bonds  to  bend  and 
stretch as they absorb light. Absorption of the photon of IR light causes an increase in 
the vibrational energy of the bond raising  it  to a higher vibrational energy  level. The 
mode of vibration varies depending upon the constituent atoms in the bond and these 
chemical stretches and bends are identifiable on the IR spectra generated (McCarthy, 
1997). 
The IR measurements are plotted on a graph of wavenumber against transmittance or 
absorption.  The  changes  in  the  vibrational  energies  of  the  molecular  bonds  are 
detected  as  inverted  peaks  on  the  resultant  IR  spectra  as  the  transmittance  of  the 
incident  light  decreases  because  of  the  absorbance  of  the  light  by  the  molecular 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bonds. These inverted peaks are termed absorption bands and are characteristic of the 
IR  vibrations  of  specific  molecular  bonds.  Stearic  acid  has  three  modes  which  are 
visible in the IR spectrum: the symmetric C – H stretch (CH2) has an absorbance band 
of 2923  cm‐1;  the C – H  stretch  (CH3) has an absorbance band of  2958 cm
‐1 and  the 
asymmetric  C  –  H  stretch  (CH2)  has  an  absorbance  band  of  2853  cm
‐1.  The 
concentration of stearic acid can be approximated by integrating the area of the latter 
two peaks;  the  first peak  is of  low  intensity and  is  generally not used. An  integrated 
area of 1 cm‐1 equates to approximately 9.7 x 1015 molecules (Mills and Wang, 2006) 
and so the destruction of stearic acid can be monitored over time by normalising the 
concentration of stearic acid molecules on the test surface as Cx / C0 readings, where 
C0 is the initial concentration and Cx is the concentration of stearic acid at a given time 
point. 
1.7.3 Contact angle measurements 
Photo‐induced superhydrophilicity can be induced on photocatalytic thin films such as 
TiO2,  after  irradiation with  light  possessing  band  gap  energy  (Mills  et  al.,  2002).  The 
hydrophilicity  or  indeed,  hydrophobicity  of  a  substrate  can  be  calculated  by 
determining the contact angle of a droplet of water inoculated onto the surface of the 
material. A hydrophilic material will possess a low water contact angle, as the droplet 
will  spread  flat  on  the  ‘water‐loving’  hydroxylated  surface,  with  an  accompanying 
increase  in  the  diameter  of  the  droplet.  Conversely,  a  hydrophobic material will  not 
have  an  affinity  for  the  droplet  of  water,  so  the  diameter  of  the  droplet  will  be 
reduced,  resulting  in  a  high water  contact  angle  (Page,  2009). Hydrophobic  surfaces 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have water contact angles above 90°, hydrophobic surfaces have water contact angles 
below 90° and superhydrophilic surfaces have water contact angles approaching 0°. 
During  photo‐induced  superhydrophilicity  on  a  TiO2  semiconductor,  light  exposure 
causes  the  trapping  of  holes  at  lattice  sites  near  the  surface  of  the material,  and  a 
concomitant  reduction  of  Ti4+  to  Ti3+  (Carp  et  al.,  2004).  The  bonds  between  the 
titanium  and  oxygen  within  the  lattice  are  weakened  by  the  trapped  holes,  which 
enable  the  release  of  oxygen  atoms, which  in  turn  creates  oxygen vacancies  and  an 
increase in the hydroxylation state of the surface. Hydroxyl groups are adsorbed onto 
the surface, which bind with the water inoculated onto the surface due to an increase 
in the van der Waals forces and hydrogen bonding (Carp et al., 2004). 
1.7.4 Standard methods of assessment 
International  standards  have  been  developed  to  assess  the  activity  of  novel 
antimicrobial  products,  such  as  the  Japanese  Industrial  Standard  JIS  Z  2801,  which 
measures antibacterial activity and efficiency and numerous ISO standards developed 
by  the  International  Organisation  for  Standardisation  (International  Organisation  for 
Standardisation,  2011).  Antibacterial  activity  can  be  calculated  using  the  following 
formula  R  =  log(B/C),  where  R  is  a  measure  of  the  antibacterial  activity,  B  is  the 
average number of viable cells of bacteria on an untreated sample after 24 hours and 
C is the average number of viable bacteria on the antibacterial sample after 24 hours. 
If  a  test  sample  has  a  value  of  greater  than  2.0,  then  it  is  denoted  an  antibacterial 
material, according to JIS Z 2801:2006. 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The  methylene  blue  reduction  test  can  also  be  used  for  the  assessment  of 
photocatalytic  surfaces  and  has  recently  been  adopted  as  an  ISO  standard  (ISO 
10678:2010). When methylene blue is inoculated onto a test surface, photogenerated 
electrons reduce atmospheric oxygen to produce superoxide, which degrades the dye, 
or  photogenerated  holes  either  directly  oxidise methylene  blue  or  generate  reactive 
oxygen species that directly attack the dye (Atherton and Newlander, 1977; Zita et al., 
2009). These  reactions  result  in a decrease  in  the  intensity of  the colouration  of  the 
dye,  and  this  colour  change  can  be  monitored  on  a  spectrophotometer  over  time, 
compared with an untreated control sample, to determine the ability of UV‐activated 
surfaces  to  photodegrade  dissolved  organic  molecules.  Therefore,  this  would  be  a 
useful  tool  to screen a  large number of different photocatalysts before focusing on a 
smaller number of samples to test against bacterial suspensions. However, the assay is 
not validated to use on surfaces activated by visible  light or against bacterial  targets. 
Acid Orange 7 is another dye that is oxidised during photocatalysis and degradation of 
the molecule can be monitored as a method of determining photocatalytic activity. A 
more recent development is the use of an ink, Resazurin, which is described as a faster 
and  simpler  method  (Mills  and McGrady,  2008).  During  photocatalysis,  the  positive 
holes  generated  are  trapped  by  glucose,  which  is  contained within  the  preparation, 
and  the photogenerated electrons  reduce Resazurin  (Zita et al.,  2009). The colour of 
the ink changes from blue to pink, which occurs in seconds, compared with the hours 
required for the former methods and the colour change can be detected by eye, which 
provides an inexpensive semi‐quantitative measure of photocatalytic activity. 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1.8 Overview and project aims 
 A  multi‐disciplinary  approach  is  required  to  prevent  HCAIs,  as  the  acquisition  and 
transmission of infection is rarely caused by an isolated event, but as a consequence of 
a number of failures in procedure (Dettenkofer et al., 2011). Hand hygiene is viewed as 
the most  important  and  effective method  for  preventing  the  transmission  of HCAIs. 
Adequate  isolation  facilities  need  to  be  available,  and  high‐risk  patients  need  to  be 
transferred  into  these  areas  promptly.  This  requires  sensitive,  specific  and  rapid 
detection  of  the  infective  organisms  so  that  these  scarce  resources  are  used 
appropriately  (Cheng  et  al.,  2011).  Prudent  antibiotic  prescribing  is  important  to 
prevent the emergence of resistant organisms and has been shown to reduce the rates 
of C. difficile  infection  (Mears et al.,  2009). The  patient environment  should be kept 
free  of  pathogens  by  methods  as  basic  as  regular  scheduled  cleaning  and  hand 
decontamination  after  each  patient  contact.  This  has  been  shown  to  significantly 
reduce  the  transmission  of  microorganisms  and  prevents  the  transfer  of  organisms 
from  patient‐to‐patient  and  from  the  environment‐to‐patient  (Devine  et  al.,  2001; 
Rampling  et  al.,  2001;  Dancer,  2004;  Johnston  et  al.,  2006;  Department  of  Health, 
2008; Dancer et al., 2009). Novel  technologies could also be employed as part of the 
armoury  of  interventions  used  to  prevent  the  transmission  of  infectious 
microorganisms within hospitals as currently employed methods such as cleaning and 
hand hygiene alone, are not proving to be sufficient (Rampling et al., 2001; French et 
al.,  2004).  Recontamination  of  surfaces  occurs  readily  after  disinfection  of  areas 
surrounding  an  infected  patient, which  allows  further  transmission  of  the  organisms 
(Collins, 1988; Weber and Rutala, 1997; Brady et al., 2003). Self‐cleaning surfaces could 
potentially  lower  the  bacterial  load  in  the  near‐patient  environment,  and  reduce  re‐
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colonisation  rates,  as  organisms  shed  in‐between  cleaning  events  would  be  killed, 
breaking the cycle of re‐colonisation. Antimicrobial polymers could be used to produce 
ETTs and catheters  to  reduce  the adherence of  bacteria within  the  lumen of  tubing, 
and potentially decrease the incidence of device‐related HCAIs. 
The purpose of this project was to generate and assess the antibacterial activity of a 
range of light‐activated materials with the potential to be used in a healthcare setting 
to reduce the transmission and acquisition of HCAIs. 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2 Materials and methods 
2.1 Target organisms  
Bacterial  type strains used  in these studies are  listed  in Table 2.1. All of  the bacterial 
strains were stored at ‐80°C in brain heart infusion broth (BHI) containing 10% glycerol 
and maintained by weekly subculture onto 5% Columbia blood agar plates  (all media 
from Oxoid Ltd., Basingstoke, UK). A clinical isolate of C. albicans was also used (Table 
2.1) and was  stored  on a Sabouraud dextrose agar  slope at 22°C and maintained by 
weekly subculture onto Sabouraud dextrose agar plates. 
Table 2.1 Bacterial and fungal strains used in these studies. 
Bacterial / fungal strain  Reference number 
Escherichia coli  ATCC 25922 
Staphylococcus aureus  NCTC 6571 
Staphylococcus aureus  ATCC 8325‐4 
Epidemic meticillin resistant‐Staphylococcus aureus 16  Clinical isolate 
Epidemic meticillin resistant‐Staphylococcus aureus 15  Clinical isolate 
Meticillin resistant‐Staphylococcus aureus  ATCC 43300 
Streptococcus pyogenes  ATCC 12202 
Enterococcus faecalis  Clinical isolate 
Pseudomonas aeruginosa  PAO1 
Pseudomonas aeruginosa  Clinical isolate 
Acinetobacter baumannii  Clinical isolate 
Stenotrophomonas maltophilia  Clinical isolate 
Candida albicans  Clinical isolate 
  87 
2.2 Growth conditions 
Bacteria  were  grown  aerobically  in  either  nutrient  broth  (P.  aeruginosa,  E.  coli,  S. 
maltophilia and A. baumannii) or BHI broth (S. aureus, S. pyogenes, S. epidermidis and 
E.  faecalis)  and  incubated  for  18  hours  at  37°C  in  an  orbital  incubator  (Sanyo  BV, 
Loughborough,  UK)  at  a  speed  of  200  rpm.  C.  albicans  was  grown  aerobically  in 
Sabouraud dextrose liquid media for 18 hours at 37°C in an orbital incubator.  
2.3 Preparation of the bacterial inoculum 
A 1 mL aliquot of the overnight culture was centrifuged at 12,000 rpm, and the pellet 
was  re‐suspended  in  1  mL  phosphate  buffered  saline  (PBS)  (Oxoid  Ltd.).  An  optical 
density of 0.05A at a wavelength of 600 nm was achieved by adding an aliquot of the 
re‐suspended solution to 10 mL PBS which equates to approximately 107 cfu / mL. For 
C.  albicans experiments,  the  entire  re‐suspended pellet was  added  to  10 mL  PBS  to 
achieve an optical density of 1.100 A, which corresponded to approximately 107 cfu / 
mL.  
For experiments involving an alginate swab, the PBS was substituted with 3 mL Calgon 
ringer’s  solution and  for  those using  Live/Dead  stains, 1 mL buffered peptone water 
(BPW) was used. 
2.4 Light sources 
2.4.1 White light source 
For white  light  photocatalysis  experiments,  a General  Electric  28W Biax  2D  compact 
fluorescent lamp (GE Lighting Ltd., Enfield, UK) was used. This lamp is commonly found 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in UK  hospitals  and  emits  light  across  the  visible  spectrum;  the  spectral  distribution 
chart is shown in Figure 2.1. For experimental purposes the lamp was affixed inside a 
cooled  incubator  to maintain  a  constant  temperature  of  22°C  (LMS  Series  1  Cooled 
Incubator  Model  303;  LMS  Ltd.,  Sevenoaks,  Kent).  The  intensity  of  the  light  was 
measured  using  a  lux meter  (LX101  Lux meter;  Lutron  Electronic  Enterprise  Co.  Ltd, 
Taiwan)  and  readings  were  recorded  in  lux  units.  The  term  visible  light  indicates 
wavelengths  of  light  in  the  visible  portion  of  the  electromagnetic  spectrum,  namely 
between  400  –  700nm,  however  the  terms  white  light  and  visible  light  are  used 
interchangeably in this thesis and indicate use of this fluorescent light source. 
 
Figure 2.1. Spectral power distribution graph for the light source used  in the visible 
light photocatalysis experiments (Technical publication for the 2D series lamp, 2005). 
2.4.2 Ultraviolet (UV) light sources 
2.4.2.1 365 nm light source 
For  the UV  light  photocatalysis  experiments  a UV  fluorescent  lamp was  used  (Vilber 
Lourmat VL‐208BLB,  Leicestershire, UK). The  light  source emitted  light primarily at a 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wavelength  of  365  nm and  the  intensity  of  the  light was measured  using  a UV  light 
meter,  Solarmeter Model 5.0 (Solartech Inc., Harrison Township, Michigan, USA), with 
the  readings  recorded  in mW cm‐2.  Experiments were conducted  in a  cabinet  (Philip 
Harris Ltd., Shenstone, UK) fitted with a UV safety screen. 
2.4.2.2 254 nm light source 
A second UV light source was used (Vilber Lourmat VL‐208G, VWR Ltd, Leicestershire, 
UK), either as a method for decontaminating the used samples or to activate the TiO2 
slides before exposure to the 365 nm light source. This germicidal UV fluorescent lamp 
emitted  light primarily at a wavelength of 254 nm. Experiments were conducted  in a 
cabinet (Philip Harris Ltd., Shenstone, UK) fitted with a UV safety screen. 
2.4.3 Laser light source 
A HeNe laser light source (Changchun New Industries Optoelectronics Tech. Co., Ltd., 
Changchun,  China)  was  used  for  the  photodynamic  therapy  experiments.  The  light 
source emitted  light primarily at a wavelength of 660 nm and a  light  intensity of 230 
mW. 
2.5 General sampling methodology 
A suspension of bacteria containing 107 cfu / mL bacteria, as described in Section 2.3, 
was diluted tenfold in PBS to produce a series of bacterial concentrations ranging from 
107  ‐  104  cfu  /  mL.  The  standard  volume  of  bacterial  suspension  used  in  these 
experiments was 25 µL which occupied an area of approximately 1 cm2 upon the test 
samples; therefore the final bacterial population ranged from 2.5x105 – 2.5x102 cfu cm‐
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2.  A  standard  volume  (25  µL)  of  bacterial  suspension  was  inoculated  onto  a  clean 
microscope  slide  of  dimensions  76  x  26  x  0.8  – 1.0 mm  (length  x width  x  thickness) 
(VWR  International  Ltd.,  Lutterworth,  UK)  and  was  sampled  using  a  cotton‐tipped 
swab.  The  surface  was  swabbed  for  20  seconds  in  three  directions  with  continual 
rotation  of  the  swab head  in a  standardised manner,  before  inoculation  into a bijou 
containing 1 mL of PBS. The bijou was vortexed for 2 minutes to remove the adherent 
bacterial cells and prior to preparation of tenfold serial dilutions. Twenty microlitres of 
each dilution was plated out onto either MacConkey agar  for E.  coli  or mannitol  salt 
agar  for  S.  aureus  and  the  plates  were  incubated  at  37°C  for  up  to  48  hours.  The 
aerobic  colony  count  (ACC)  was  calculated  by  counting  the  resultant  colonies  to 
determine the number of colony forming units per square centimetre (cfu / cm2). 
2.6 ATP bioluminescence 
A series of luminometers were used to measure ATP bioluminescence as an alternative 
method of detecting and quantifying bacteria from the test surfaces. All luminometers 
were  programmed  to  capture  luminescence  readings  every  1  second  and  the mean 
reading  in  relative  light  units  (RLU) was  reported  after  10  seconds.  Test  tubes were 
required for the detection of ATP using certain models of luminometer and to destroy 
any  exogenous  ATP  before  use,  they were  placed  under  the  254  nm  germicidal  UV 
lamp (Section 2.4.2.2) for 30 minutes within sealed plastic bags. The bag was inverted 
at the halfway point to provide even exposure to the light source. 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2.6.1 Luminometer‐specific methodologies 
2.6.1.1 Junior luminometer 
The  cotton‐tipped  swab was  added  to  a  test  tube  containing  50  µL  ATP  Eliminating 
Reagent  from  the Microbial ATP Kit  (BioThema AB, Handen, Sweden) post  sampling. 
The tube was incubated for 10 minutes at room temperature according to the reagent 
kit  instructions  before  50  µL  Extractant  BS  was  added,  and  the  covered  tube  was 
vortexed for 5 seconds to thoroughly mix the solution. Four hundred microlitres of ATP 
Reagent HS was  finally  added  and  the  light  generated was  quantified  by  placing  the 
tube into the Junior LB9509 luminometer (Berthold Technologies GmbH & Co KG; Bad 
Wildbad, Germany). An ATP standard was used on each run and 10 µL of the premixed 
100 nmol / L ATP standard was added to the final solution, so that the equivalent of 1 
pmol ATP was added to the test solution. The ATP bioluminescence of the test sample 
plus the ATP standard was then quantified by the Junior luminometer.  
For each bacterial concentration on a surface, three independent swabs were used to 
generate  an  ATP  bioluminescence  reading  and  one  swab  was  used  for  ACC 
measurements,  with  each  dilution  plated  out  in  duplicate.  Each  experiment  was 
performed at least in triplicate, to demonstrate reproducibility. 
2.6.1.2 Lumat luminometer 
The  Lumat  LB9507  luminometer  (Berthold  Technologies  GmbH  &  Co  KG)  is  a  more 
sensitive but less portable model than the Junior luminometer. The methodology used 
to measure ATP bioluminescence emitted from test samples  in combination with the 
Lumat  luminometer was  as  described  for  the  Junior  luminometer  in  Section  2.6.1.1, 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with  the  exception  that  the  test  tube was  placed  in  the  Lumat  luminometer  for  the 
bioluminescence readings. 
2.6.1.3 BioProbe luminometer  
The BioProbe luminometer (Hughes Whitlock Ltd; Gwent, UK) was used in combination 
with the Microbial ATP Kit as in the previously described methodologies. However, the 
ATP  bioluminescence  generated  from  the  bacterial  suspension  could  be  measured 
directly from the test surface so the reagents were applied directly to the test surfaces 
and the unnecessary swabbing stage was omitted. Instead, the BioProbe luminometer 
was placed above the test surface creating a seal between the  inoculated  laboratory 
bench and the luminometer. The luminescence generated was then quantified by the 
BioProbe luminometer. 
2.6.1.4 Clean‐Trace NG luminometer 
The Microbial ATP Kit was not required for the detection assay utilising the Clean‐Trace 
NG  luminometer  (3M;  Bracknell,  UK).  This  luminometer  was  designed  for  use  with 
custom‐made,  pre‐moistened  swabs  which,  after  sampling  in  the  standard  manner, 
were  returned  to  the casing and  immersed  in a  reagent  solution  located at  its base. 
The  entire  swab  casing  was  placed  in  the  luminometer  for  quantification  after 
vortexing for 5 seconds. A positive control was used on every run. This was a  freeze‐
dried powder containing 5 pmol ATP which was sampled with the pre‐moistened swab, 
and handled using the same methodology as the test samples. 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2.7 Direct visualisation of bacteria – Live/Dead staining 
Slides were examined under the fluorescent light microscope post‐sampling, using the 
Live/Dead BacLight Bacterial Viability Kit  (Invitrogen Ltd., Paisley, UK) to visualise any 
remaining  bacterial  cells  and  to  determine  their  viability.  The  kit  consisted  of  two 
stains;  SYTO 9™ which penetrated  the membranes of all  cells,  and propidium  iodide 
which  penetrated  bacterial  cells  with  damaged  membranes  (Boulos  et  al.,  1999). 
Viable  cells  appeared  green  under  the  fluorescent  microscope,  whereas  non‐viable 
cells generated a red fluorescence. Images were captured on a camera attached to the 
microscope and bacterial cells were enumerated and the proportion of viable and non‐
viable  cells  was  noted.  The  final  bacterial  population was  compared  to  the  starting 
inoculum value to evaluate the efficiency of the sampling process. 
2.8 Effect of white light on bacterial survival 
Glass  microscope  slides  were  placed  in  a  moisture  chamber  which  was  custom‐
designed  to prevent evaporation of  the bacterial  inoculum during exposure  to white 
light  (Figure  2.2).  Filter  paper,  150  mm  in  diameter  (Whatman  plc,  Maidstone,  UK) 
soaked in sterile distilled water was used to line the base of a square 24 cm x 24 cm 
petri dish. Wooden sticks were placed on top of the filter paper to rest the slides on. 
An additional moisture chamber was covered  in foil to prevent light penetration, and 
slides which were to be incubated in the absence of light were placed in this moisture 
chamber  for  the  exposure  period,  as  a  dark  control.  The  moisture  chambers  were 
placed in the cooled incubator and the uncovered chamber was placed on a shelf, 20 
cm from the light source, with the foil covered chamber on the shelf directly below. 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Figure  2.2.  Experimental  set  up  of  the  moisture  chamber  used  during  white  light 
experiments, where A = wooden swabs; B = glass slides; C = moistened filter paper; D 
= bacterial inoculum. 
The effect of  the white  light  source  on  the viability of a number of bacterial  species 
was  investigated.  A  suspension  of  bacteria  was  inoculated  onto  a  microscope  slide 
prior to incubation under the white light source for 24 hours. Any decrease in the ACC 
after the irradiation period was calculated as a percentage and log reduction.  
2.9 Optimisation of the sampling technique 
To  increase the proportion of bacteria that were recovered  from the test surfaces, a 
series of experiments were performed and a single variable was changed. Uncoated, 
clean microscope slides were inoculated with a suspension of 25 µL of a Gram‐negative 
bacterium (E. coli) or a Gram‐positive bacterium (E. faecalis) and then either:  
(i) sampled using a range of different swab types 
(ii)  sampled with  a  cotton  swab  and  either  vortexed  or  sonicated  to  remove 
adherent bacteria 
A 
B 
C 
D 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(iii) sampled with up to three different cotton swabs which were re‐suspended 
into the same bijou 
(iv) sampled with up to three different cotton swabs which were re‐suspended 
into separate bijoux. 
Total  bacterial  numbers were  calculated  by  serially  diluting  the  bacterial  suspension 
within  the bijou and  inoculating duplicate 20 µL aliquots onto  5% blood agar  plates. 
The ACC was calculated after up to 48 hours growth at 37°C to determine the cfu / mL 
and this value was compared with the ACC recovered from the starting inoculum. 
2.10 Preparation of light‐activated antibacterial materials 
2.10.1 Thin films generated by chemical vapour deposition  
Novel antibacterial thin films were generated by one of two post‐doctoral researchers 
based  at  the  UCL  Department  of  Chemistry.  The  thin  films  were  prepared  by 
atmospheric  pressure  chemical  vapour  deposition  (APCVD)  (Section  1.5.1).  The 
depositions were carried out on the SiO2 surface of slides of standard float glass from 
Pilkington of dimensions 220 x 85 x 4 mm (length x width x thickness) coated on one 
side with a barrier layer of SiO2 to prevent ion diffusion from the glass to the film. The 
glass was washed prior to insertion into the APCVD reactor using sequential washings 
of water, acetone, petroleum ether (60‐80) and propan‐2‐ol giving a clean and smear 
free finish. 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2.10.1.1  Nitrogen‐containing titania thin films TiON‐1 and TiON‐2 
The  nitrogen  containing  thin  films  TiON‐1  and  TiON‐2  were  prepared  by  Dr.  Geoff 
Hyett  with  anhydrous  ammonia  (BOC  Ltd.)  as  the  nitrogen  source,  titanium  (IV) 
chloride  (TiCl4;  99.9%;  Sigma‐Aldrich  Ltd.)  as  the  titanium  source,  and  ethylacetate 
(EtAc; 99.0%; BOC Ltd., Guildford, UK) as the oxygen source (Hyett et al., 2007; Aiken 
et al., 2010). Depositions were carried out at 550°C for 60 seconds and the resulting 
films were cut into seven equally sized sections of 32 mm x 89 mm once cooled. 
A nitrogen carrier gas was used for the TiCl4 and EtAc at a flow rate of 2 L / min. The 
TiCl4 bubbler was heated to 61°C and the EtAc bubbler to 44°C at a flow rate of 0.5 L / 
min which produced a molar mass flow ratio of 1:2. The TiCl4 and EtAc were carried to 
a  single mixing  chamber  through  gas  delivery  lines which were maintained  at  200°C 
and heated to 250°C, with an additional flow of nitrogen carrier gas at a rate of 12 L / 
min.  The  glass  substrate was  doped with  nitrogen  by  flowing  ammonia without  the 
carrier  gas  through  the  reservoir  at  a  flow  rate  of  0.26  L  / min.  The  TiCl4  and  EtAc 
mixture  and  the  ammonia  gas  were  introduced  just  before  contact  with  the  glass 
substrate, and the TiCl4 : EtAc : ammonia mass flow ratio of the resultant thin film was 
2.85 : 4 : 1. The resultant thin film was TiON‐1, the titanium oxynitride. Thin film TiON‐
2 was prepared using the same methodology, except the deposition was carried out at 
450°C instead of 550°C. 
2.10.1.2 Nitrogen‐doped titanium dioxide thin films N1, N2 and N3 
The nitrogen containing thin films N1, N2 and N3 were prepared by Dr. Charles Dunnill 
with t‐butylamine (99.5%; Fisher Scientific UK Ltd., Loughborough, UK) as the nitrogen 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source, titanium (IV) chloride (TiCl4; 99.9%; Sigma‐Aldrich Ltd.) as the titanium source, 
and ethylacetate (EtAc; 99.0%; BOC Ltd., Guildford, UK) as the oxygen source (Dunnill 
et  al.,  2009b; Dunnill  et  al.,  2009c; Dunnill  and  Parkin,  2009).  The  resultant  coatings 
were nitrogen‐doped titanium dioxide (N‐doped TiO2) thin films and depositions were 
carried out at 500°C for 30 seconds. 
A nitrogen carrier gas was used for the TiCl4 and EtAc, which was preheated to 150°C 
at a flow rate of 0.5 L / min. The TiCl4 bubbler was heated to 70°C and the EtAc bubbler 
to  40°C,  which  produced  a  molar  mass  flow  ratio  of  1:2.  The  TiCl4  and  EtAc  were 
carried  to  a  single mixing  chamber  and  heated  to  250°C,  with  an  additional  flow  of 
nitrogen carrier gas preheated to 150°C at a rate of 6 L / min. The glass substrate was 
doped  with  nitrogen  by  flowing  the  carrier  gas,  preheated  to  60°C,  through  the  t‐
butylamine  reservoir,  set  at  5°C;  the  temperature  of  the  t‐butylamine  reservoir was 
controlled using a water bath containing water and ethylene glycol in equal parts. The 
TiCl4 and EtAc mixture and the t‐butylamine gas were  introduced  just before contact 
with the glass substrate, at 100°C, with an additional  flow of carrier gas at 1 L / min. 
The TiCl4  : EtAc  :  t‐butylamine mass flow ratio of the resultant thin  film was 1  : 2.5  : 
0.3. Sections of the same sheet of the generated film were divided  into 2.5 x 2.5 cm 
samples once cooled and divided into three groups, representing thin films N1, N2 and 
N3. 
2.10.1.3 Sulfur‐doped titanium dioxide thin films 
Three sets of sulfur containing thin films (S‐doped TiO2) were prepared by Dr. Charles 
Dunnill, using titanium tetrachloride (TiCl4; Sigma‐Aldrich Ltd.) as the titanium source, 
ethyl acetate (EtAc; 99.0%; BOC Ltd.) as the oxygen source and carbon disulfide (CS2; 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99.9%; Alfa Aesar, Heysham, UK) as the sulfur source (Dunnill et al., 2009a). A nitrogen 
carrier gas was used  for  the TiCl4  and EtAc, which was preheated  to 150°C at a  flow 
rate of 0.5 L / min. The TiCl4 bubbler was heated to 70°C and the EtAc bubbler to 40°C, 
which produced a molar mass flow ratio of 1:2. The TiCl4 and EtAc were carried to a 
single mixing chamber and heated to 250°C, with an additional flow of nitrogen carrier 
gas  preheated  to  150°C  at  a  rate  of  6  L  / min.  The  glass  substrate was  doped with 
sulfur by flowing the carrier gas, preheated to 60°C, through the CS2 reservoir, set at a 
temperature between 0 and 10°C; the temperature of the CS2 reservoir was controlled 
using a water bath containing water and ethylene glycol  in equal parts. The TiCl4 and 
EtAc  mixture  and  the  CS2  gas  were  introduced  just  before  contact  with  the  glass 
substrate,  at  100°C,  with  an  additional  flow  of  carrier  gas  at  1  L  / min.  Depositions 
were  carried  out  at  500°C  for  30  seconds  and  three  thin  films were  produced with 
different  TiCl4  :  EtAc  :  CS2  mass  flow  ratios,  which  varied  dependent  upon  the 
temperature of the CS2 reservoir during synthesis:  
(i)  during  synthesis  of  sample  S1,  the  reservoir  was  set  at  0°C,  generating  a 
mass flow ratio of 1 : 2.5 : 0.9 
(ii)  during  synthesis  of  sample  S2,  the  reservoir  was  set  at  5°C,  generating  a 
mass flow ratio of 1 : 2.5 : 1.2  
(iii) during  synthesis of  sample S3,  the  reservoir was  set at 10°C generating a 
mass flow ratio of 1 : 2.5 : 1.6. 
The resulting films were cut into seven equally sized sections of 32 mm x 89 mm once 
cooled. 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2.10.1.4 Control thin films 
Thin films of TiO2 were synthesised using APCVD with the same synthetic conditions as 
that  described  above  but  omitting  the  addition  of  the  dopant  (i.e.  ammonia,  t‐
butylamine  or  carbon  disulfide).  Uncoated  glass  of  the  same  size  was  used  as  an 
additional control. 
2.10.2 Thin films generated by sol‐gel deposition  
The silver‐titania thin films were generated in a two‐step process (Dunnill et al., 2011); 
glass slides were initially coated with titanium dioxide and annealed, before a coating 
of silver nitrate was added.  
2.10.2.1 Titanium dioxide sol preparation and thin film synthesis 
The TiO2  sol was prepared by adding 2.5246 g of acetylacetone  (0.02526 mol, 99+%, 
Sigma‐Aldrich Ltd.)  to a 250 mL glass beaker containing 32 cm3 butan‐1‐ol  (0.35 mol, 
99.4%,  Sigma‐Aldrich  Ltd.).  This  produced  a  clear  and  colourless  solution,  to  which 
17.50  g  titanium  n‐butoxide  (0.05  mol,  97.0%,  Fluka)  was  added.  The  solution  was 
vigorously  stirred  for  1  hour  before  3.64  mL  distilled  water  dissolved  in  9.05  g 
isopropanol  (0.15  mol,  analytical  grade,  Fisher  Scientific)  was  added  to  the  stirring 
titanium  n‐butoxide  solution.  The  yellow  colouration  of  the  sol  deepened,  but 
remained  clear  and  it was  stirred  for  a  further  hour.  Lastly,  1.66  g  acetonitrile  (0.04 
mol, 99% min; Fisons Scientific UK Ltd.) was added to the solution and it was stirred for 
an  hour.  The  deep  yellow  coloured  sol  was  covered  with  parafilm  and  left  to  age 
overnight in the dark. 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2.10.2.2 Titanium dioxide thin film synthesis 
On  the  following  day,  clean  single  cavity  ground  glass  slides  (Jencons  Scientific  Ltd., 
East Grinstead, UK) of dimensions 76 x 26 x 1 mm  (length x width x thickness) were 
attached to the dip coating apparatus in batches of 4 (Figure 2.3). 
 
Figure 2.3 The dipping apparatus used to produce a xerogel on the microscope slides. 
Photograph reproduced with permission from Dr. Kristopher Page. 
 
The cavity slides were lowered into a glass beaker containing the aged sol and after 20 
seconds, the cavity slides were withdrawn by the apparatus at a steady rate of 120 cm 
/  min.  The  first  coat  was  allowed  to  dry  before  the  process  was  repeated.  The 
deposited  xerogel  films  required  calcination  in  order  to  adhere  the  coating  to  the 
cavity slide and to become crystalline. Therefore, the coated cavity slides were placed 
inside a muffle furnace and fired at 500°C for 1 hour, with a heating rate of 10°C / min 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and a cooling rate of 60°C / min. The thin films were then left in the furnace overnight 
to  cool  and  stored  in  a  dark  container  until  required.  The  resultant  coatings  are 
referred to as TiO2 thin films. 
2.10.2.3 Silver‐titanium dioxide thin film synthesis 
A solution of silver nitrate was prepared by adding 0.42 g silver nitrate to 500 mL of 
methanol (both Fisher Scientific UK Ltd.) to produce a final concentration of 5x10‐3 mol 
/ dm3. The TiO2 thin  films were attached to the dip coating apparatus, dipped  in the 
silver nitrate  solution and withdrawn at a  rate of 120 cm  / min. The  thin  films were 
then exposed to the 254 nm UV lamp for 5 hours, within a custom made light box and 
were  stored  in  the  dark  for  at  least  72  hours  before  bacteriological  testing. 
Photodeposition occurs quickly  (<30 min), but an excess of time was used to remove 
the  time  of  irradiation  as  a  variable  and  ensure  that  the  films were  fully  clean  and 
activated prior to initial characterization. The resultant coatings are referred to Ag‐TiO2 
thin films. 
2.10.3 Toluidine Blue O‐containing polymers generated by swell encapsulation 
Toluidine  Blue  O  (TBO)  was  incorporated  into  polyurethane  polymers  by  swell 
encapsulation.  To  achieve  this,  125 mg  of  TBO was  added  to  25 mL  distilled water, 
before the addition of 225 mL acetone, forming a 9:1 ratio of acetone to distilled water 
(H2O 10% v/v). The solution was placed  in a sonicating water bath for 15 minutes to 
ensure  the  TBO  was  evenly  distributed  throughout  the  suspension.  To  prevent 
interaction  of  the  solution  with  light,  the  container  was  covered  in  foil  during 
sonication. Ten millilitre aliquots of  the TBO solution was dispensed  into glass  screw 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capped  bottles  and  a  1  cm2  square  of  polyurethane  was  added.  The  bottles  were 
stored  horizontally  in  the  dark  for  24  hours.  The  polyurethane  squares  were  then 
removed and laid to dry on a paper towel and covered for 1 hour. After this time they 
were rinsed with sterile distilled water until the excess TBO adhered to the surface of 
the  polymers  had  detached  and  the water  remained  clear.  The  polymers were  then 
dried and stored in the dark for a further 24 hours before use. Batches of 24 polymers 
were  made  and  control  polymers  were  also  prepared  without  the  addition  of  TBO 
(Perni et al., 2009b). 
2.11 Characterisation  and  functional  assessment  of  light‐activated 
antibacterial materials 
2.11.1 UV‐visible‐IR spectroscopy 
UV‐visible‐IR  spectroscopy  was  employed  to  determine  the  band  onset  of  the  thin 
films and assess the  likely photocatalytic activity of the material. The thin films were 
decontaminated  by  exposure  to  the  254  nm  germicidal  UV  lamp  for  12  hours  and 
stored in the dark for 72 hours. The thin film was then placed inside the UV‐Visible‐IR 
spectrophotometer  (Perkin  Elmer  λ950,  Massachusetts,  USA)  and  percentage 
transmission  readings  were  measured,  which  were  converted  to  absorption  and 
absorbance using the reflectance to gauge the thickness of the films by the Swanepoel 
method (Swanepoel, 1983).  Data were transformed and a Tauc Plot was generated to 
determine the optical band gap of the thin films, by extrapolating the  linear curve to 
the abscissa. A Tauc plot can be calculated using the formula (a x hv)1/2 against energy, 
where a denotes  the  absorbance  of  the material  and hv denotes  the  energy  of  the 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photon  of  light  (Tauc,  1968,  1970).  Measurements  were  also  taken  of  the  titanium 
dioxide thin film and uncoated glass slide, so that the readings could be compared. 
2.11.2 Contact angle measurements  
Water  droplet  contact  angles  were  measured  to  determine  the  potential  photo‐
induced  hydrophilicity  of  the  thin  films.  The  thin  films  were  decontaminated  by 
exposure to the 254 nm germicidal UV lamp for 12 hours and stored in the dark for 72 
hours.  A  FTA  1000  droplet  analyser was  used  to measure  the  diameter  of  a  8.6  µL 
droplet of deionised water inoculated onto the thin film, using a side mounted camera. 
The  drop was  formed  and  dispensed  by  gravity  from  the  tip  of  a  gauge  27  needle. 
Readings  were  taken  before  and  after  irradiation  with  UV  light  (Section  2.4.2.1)  or 
filtered white light (Section 2.4.1) between 200 and 2500 nm. An uncoated glass slide 
and  titanium  dioxide  thin  film  were  used  as  controls.  Results  were  entered  into  a 
computer  programme  to  calculate  the  contact  angles  based  upon  the  volume‐
diameter data. An average of 5 readings were taken at each exposure time so that the 
results obtained were reproducible. 
2.11.3  Photooxidation of stearic acid 
The stearic acid test was used to quantify the photocatalytic activity of the thin films as 
a  preliminary  indicator  of  their  potential  antibacterial  activity.  The  destruction  of 
stearic acid was measured by Fourier Transform  Infrared Spectroscopy  (FTIR) using a 
Perkin Elmer Spectrum RX1 FTIR spectrometer.  
The  thin  films were decontaminated by exposure  to  the 254 nm germicidal UV  lamp 
for 12 hours and stored in the dark for 72 hours. The thin films were then attached to 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an  IR  sample  holder,  comprised  of  a  sheet  of  aluminium with  a  circular  hole  in  the 
centre,  before a  10  µL  drop of a 0.01 M solution of  stearic acid  in methanol  (Fisher 
Scientific UK Ltd) was applied to the exposed portion of the thin film. A characteristic 
white  smear was  observed  once  the  droplet  had  evaporated  and  the  samples were 
then stored once again  in the dark for at 72 hours, prior to the baseline reading at 0 
hours.  FTIR  spectra were obtained  for  the  stearic acid  layer between 2800 and 3000 
cm‐1  and an uncoated glass  slide was used as a control  for  the background  readings. 
Baseline readings (C0) were taken of the thin films and blank controls, then all samples 
were  placed  in  the  custom‐made  light  box  and  were  exposed  to  the  light  source. 
Readings  (Cx) were  taken at 24 hour  intervals and  the  samples were  returned  to  the 
light box after each reading. For each time point, the area of the peaks were integrated 
and the values combined to give an approximate concentration of stearic acid on the 
surface, where 1 cm−1 in the integrated area between 2700 and 3000cm−1 corresponds 
to  approximately  9.7×1015  molecules  /  cm2  (Mills  and  Wang,  2006).  A  graph  was 
plotted of the normalised concentration of stearic acid detected on the surface (Cx/C0) 
against time, which allowed the destruction of stearic acid to be observed. 
The  light  sources  were  attached  to  the  lids  of  the  custom‐made  light  boxes,  which 
were  suspended  25  cm  from  the  surface  of  the  thin  films.  Three  lighting  conditions 
were examined: a UV light source (Section 2.4.2.2); a white light source (Section 2.4.1) 
and the white light source fitted with a UV filter. The UV filter used was a 3 mm thick 
sheet  of  Optivex™  glass,  which  is  described  to  cut  off  all  radiation  below  400nm 
(Instrument Glasses, 2000). The filter was positioned 1 cm above the samples and was 
setup such that all light arriving at the samples had passed through the filter. 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2.12 Microbiological  assessment  of  light‐activated  antimicrobial 
materials 
2.12.1 Decontamination of the thin films 
Prior to microbiological assessment, coated samples were soaked in 70% isopropanol 
for  30  minutes  to  kill  and  remove  any  adherent  contaminants,  rinsed  with  fresh 
isopropanol and air‐dried. The samples were then  incubated  in a hot air oven (Weiss 
Gellenkamp  oven  BS,  Leicestershire,  UK)  for  1  hour  at  160°C  to  kill  any  residual 
organisms  and  stored  in  the  dark  until  required.  This  process  was  repeated  after 
microbiological assessment in preparation for further testing. 
The  decontamination  procedure  was  later  amended  and  after  microbiological 
assessment,  the  slides  were  rinsed  with  sterile  distilled  water  and  air‐dried  before 
exposure to the 254 nm germicidal UV  lamp (Section 2.4.2.2)  for 18 hours to kill any 
remaining adherent organisms. The slides were then placed in the dark to reverse the 
activating  effect  of  the UV  light.  Samples were  then  ready  for  re‐use  after  72  hours 
dark  storage.  Thin  films  were  re‐used  due  to  the  lack  in  reproducibility  of  the 
deposition method. 
2.12.2 Measuring the effect of  light on the thin films generated by APCVD or 
sol‐gel 
The thin films were placed in a 24 x 24 cm petri dish lid, 20 cm from the light source for 
the activation step (designated A+) for the desired time period. The thin films were not 
covered during this light exposure period. As a control, duplicate thin films were also 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placed  in the cabinet, but within a  foil‐encased 24 x 24 cm petri dish to prevent light 
penetration (designated A‐). 
The thin films were then positioned within the moisture chamber (Figure 2.4), before a 
25 µL droplet of bacterial suspension was added. The lid was added to prevent droplet 
evaporation  and  the  moisture  chamber  was  placed  under  the  light  source,  at  a 
distance of 20 cm for the irradiation step (designated L+) and exposed for the desired 
period of time before sampling. Control duplicate thin  films were  incubated within a 
foil‐encased moisture chamber during the white light exposure period (designated L‐). 
The nomenclature used for the light exposure experiments is summarised in Table 2.2. 
 
Figure  2.4  Irradiation  of  the  nitrogen‐doped  thin  films  to  white  light,  with  the 
samples placed within the custom designed moisture chamber. 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Table 2.2. Nomenclature used during microbiological assessment of the thin films. 
Nomenclature  Description 
A+L+ 
Sample  exposed  to  first  light  dose,  bacterial  droplet  added, 
then sample exposed to second light dose  
A‐L+ 
Sample  stored  in  the  dark,  bacterial  droplet  added,  then 
sample exposed to second light dose 
A+L‐ 
Sample  exposed  to  first  light  dose,  bacterial  droplet  added, 
then sample stored in the dark 
A‐L‐ 
Sample  stored  in  the  dark,  bacterial  droplet  added,  then 
sample stored in the dark 
 
Bacteria  were  recovered  by  sampling  the  thin  films,  as  described  in  Section  2.5. 
Experiments  were  performed  in  at  least  duplicate  and  repeated  on  a  minimum  of 
three separate occasions for each type of thin film and exposure time. 
2.12.3 Measuring  the  effect  of  light  on  Toluidine  Blue  O‐impregnated 
polymers generated by swell encapsulation 
Newly  synthesised  polymers  (described  in  Section  2.10.3)  were  used  for  each 
experiment and were discarded after each use. A polymer was placed in a well within a 
6‐well microtitre plate before a 25 µL droplet of the microbial suspension was added. 
A glass cover slip was carefully placed on top to spread the droplet evenly across the 
surface of the polymer and the plate was transferred to a raised platform, 24 cm from 
the laser light source. The light emitted from the laser passed through a beam diffuser 
to spread the light beam so that the entire polymer was exposed to the laser light and 
the polymer was exposed to the laser light for the required period of time. 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Once the exposure time had ended the coverslip was aseptically removed and placed 
inside a 50 mL tube, containing 135 µL PBS. A 10 µL aliquot of the microbial droplet 
was removed from the polymer and inoculated directly onto an appropriate agar plate 
and spread using an L‐shaped spreader. The remaining 15 µL of microbial suspension 
was  recovered,  placed  in  the  50 mL  tube  and  briefly  vortexed  before  tenfold  serial 
dilutions  were  prepared.  Twenty  microlitres  of  each  dilution  was  inoculated  and 
spread  onto  an  appropriate  agar  plate  in  duplicate.  As  controls,  TBO‐containing 
polymers were inoculated with the microbial suspension for the same length of time in 
the  absence  of  laser  light  (L‐S+),  or  polymers  prepared without  the  addition  of  TBO 
were  inoculated  with  the  microbial  suspension  and  exposed  to  identical  periods  of 
laser  light  (L+S‐)  or  not  exposed  to  the  laser  light  (L‐S‐).  The  sampling  process  was 
repeated  three  times  for  each  polymer  type  and  exposure  time  and  the  entire 
experiment was repeated on at least three separate occasions for each organism and 
exposure time (Perni et al., 2009b). 
2.13 Statistical analysis 
In order to determine the significance of any decreases  in the cfu observed between 
the  light‐activated  antibacterial materials  exposed  to  different  conditions,  the Mann 
Whitney U test was used. The number of survivors recovered from the test group (i.e. 
the light‐activated material exposed to light) was compared to the number of survivors 
from the control groups (i.e.  the  light‐activated materials not exposed to  light or the 
uncoated  samples). Median  values were  taken  because  the  data were  not  normally 
distributed and  the values were  transformed  to  log10  for normalisation. A p  value of 
less  than  0.05  was  considered  statistically  significant.  Statistical  significance  is 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diagrammatically represented on the box and whisker plots  in the results sections as 
asterisks; one asterisk denotes a p value < 0.05, two asterisks denotes a p value < 0.01 
and three asterisks denotes a p value < 0.001. All statistical analyses were performed 
using the SPSS statistical package (version 16.0, SPSS Inc., Chicago, IL, USA). 
  110 
3 Development of protocols used to assess the activity of the 
photocatalytic thin films 
3.1 Introduction 
The  purpose  of  the  work  described  in  this  chapter  was  to  develop  a  reproducible 
method  of  testing  the  antibacterial  photocatalytic  activity  of  thin  films.  Initially  the 
sampling  technique  was  examined  to  determine  the  sampling  efficiency  and  an 
optimised  regimen  was  developed.  Researchers  from  our  laboratory  had  previously 
used  swabs  (Page  et  al.,  2007)  to  remove  bacteria  from  the  test  surface  in  order  to 
detect changes in the bacterial concentration post‐exposure to antibacterial coatings. 
Other groups have used dipslides as a direct detection method, but this is unsuitable 
for  accurately  quantifying  high  concentrations  of  bacteria  as  it  results  in  confluent 
growth,  which  only  generates  an  estimate  of  the  bacterial  load.  The  recovery  of 
bacteria from glass surfaces was initially compared using a range of swabs with swab 
heads comprised of different materials; using a differing number of swabs per sample 
and  using  sonication  as  a  method  of  releasing  bacterial  cells  from  the  swab  head. 
There  are  however,  inherent  problems  with  swabbing,  as  bacteria  are  either  left 
behind on the surface after swabbing, or get caught within the mesh of the swab head 
and are not released into the diluent after sampling (Davidson et al., 1999). 
Antimicrobial  coatings  are  generally  assessed  using  the  viable  count  technique  and 
bacterial survival is determined by counting colonies originating from (i) serial dilutions 
of the bacterial suspension on the coating (Wilson, 2003; Decraene et al., 2006; Page 
et  al.,  2007),  (ii)  those  grown  on  an  agar  overlay,  applied  to  the  entire  coating 
(Decraene et al., 2008b), (iii) serial dilutions of the bacterial suspension after the entire 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coating  has  been  immersed  in  a  sterile  fluid  and  agitated  to  remove  adherent 
organisms (Decraene et al., 2008a) or (iv) a combination of these (Perni et al., 2009a). 
These  techniques  have  proven  to  be  effective  at  determining  the  activity  of  novel 
antimicrobial  coatings, but  the  turnaround  time  for  results  is  around 48 hours  so an 
alternative, faster method is still desirable. 
ATP bioluminescence has been used as a rapid diagnostic test to detect bacteria from 
urine samples (Selan et al., 1992) and more recently, has been applied in the hospital 
environment  to  rapidly  assess  the  efficiency  of  cleaning  regimens  in  hospitals,  as 
described  in  Section  1.6.4  (Griffith  et  al.,  2000;  Malik  et  al.,  2003;  Dancer,  2004; 
Aycicek et al., 2006; Griffith et al., 2007; Willis et al., 2007; Lewis et al., 2008; Boyce et 
al., 2009; Mulvey et al., 2011), following on from the successful use of this method in 
the  food  industry  for  the  monitoring  of  surface  cleanliness  (Poulis  et  al.,  1993; 
Hawronskyj and Holah, 1997; Aycicek et al., 2006). The cleanliness of a surface can be 
rapidly assessed and  if  the  level of ATP  is above an acceptable  level  then the surface 
can be re‐cleaned and retested.  
ATP bioluminescence utilises the firefly  luciferase enzyme, to catalyse the conversion 
of ATP into AMP resulting in the emission of light (Lundin, 2000). The amount of light 
emitted  is  quantified  by  a  luminometer  and  is  directly  proportional  to  the  initial 
amount of ATP in the sample. If the eukaryotic ATP is removed from the surface before 
sampling  then  this  value  is  in  turn  proportional  to  the  amount  of  bacteria  in  the 
starting sample as one photon of light is generated per molecule of ATP. For this study, 
the method was evaluated for its potential use as a tool to assess the effectiveness of 
novel  antibacterial  coatings  by  quantifying  bacteria  present  on  a  surface  before  and 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after  light  exposure.  The  generation  of  quantitative  data,  especially  at  low  bacterial 
concentrations, would be useful and it was postulated that ATP bioluminescence could 
supersede  swabbing  as  the  first  choice  for  bacterial  detection  from  surfaces  in  this 
project. 
Also assessed in this chapter was the effect of the incident light source on the survival 
of bacteria. Certain specific wavelengths of white  light are known to  inactivate some 
Gram‐positive strains of bacteria (Maclean et al., 2008, 2009) so it was important to be 
aware  of  the  effect  of  the  light  source  used  to  activate  the  novel  thin  films.  Any 
decrease in the bacterial concentration could then be attributed to the activity of the 
thin films and not to incident light source. 
3.2 Materials and methods 
3.2.1 Optimisation of the sampling technique 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of E. coli and E. faecalis were prepared as detailed in Section 2.3, resulting in a starting 
inoculum of approximately 107 cfu / ml. A number of strategies were employed  in an 
attempt to improve bacterial recovery from the surface of uncoated microscope slides 
as  described  in  Section  2.9.  Three  different  cotton  swabs  were  used  (all  Fisher 
Scientific UK Ltd): woodstick cotton tipped swabs ‐ Cotton A; cotton swabs sterilised by 
ethylene oxide ‐ Cotton B; and cotton swabs sterilised by UV light ‐ Cotton C. Alginate 
and viscose swabs were also used in the comparison. 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3.2.2 ATP bioluminescence 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of E. coli and S. aureus were prepared as detailed in Section 2.3, resulting in a starting 
inoculum  of  approximately  107  cfu  /  ml.  ATP  bioluminescence  was  used  to  detect 
bacteria  inoculated  onto  the  surface  of  uncoated  microscope  slides  as  described  in 
Section 2.6.1. A number of commercial luminometers were used with output given in 
relative light units (RLU) and the amount of ATP present in the samples was calculated 
using the following formula (Hughes Whitlock Ltd., 1995): 
ATPsample = RLUsample / (RLUsample + standard – RLUsample) 
The  number  of  bacteria  present  in  each  sample  was  then  calculated  based  on 
previously  documented  studies  which  estimate  that  each  bacterial  cell  contains 
approximately 2x10‐18 mol ATP (Lundin, 2000; BioThema AB, 2006). It was important to 
determine the initial amounts of ATP present as otherwise the RLU readings obtained 
from different  luminometers could not be directly compared (Hawronskyj and Holah, 
1997). To assess the sensitivity of the assay using each  instrument, one‐tailed t‐tests 
were  performed  where  the  sensitivity  was  the  lowest  concentration  that  was 
significantly different from the negative control, with 95% confidence. The coefficient 
of variation (CV) was calculated as a percentage for each dilution to demonstrate the 
reproducibility of each  luminometer, where greater  reproducibility  is  represented by 
lower  CV  values,  particularly  below  100%  (Griffith  et  al.,  1994).  The  luminometer‐
specific  methodologies  were  assessed  to  determine  the  precision,  accuracy  and 
sensitivity of each assay using the definitions described in Table 3.1. 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Table  3.1  Definitions  of  the  terms  used  to  compare  the  luminometer‐specific 
methodologies. 
Parameter  Definition 
Precision 
A  measure  of  the  reproducibility  of  the  luminometer‐specific 
method. Assessed by calculating the coefficient of variation (CV) 
Sensitivity 
The  lowest  concentration of bacteria  that  is  significantly different 
to the negative control. Assessed by performing one‐tailed t‐tests. 
Accuracy 
How  close  the  value  generated  by  the  luminometer‐specific 
method  is  to  the  true  value.  Assessed  by  comparison  with  the 
inoculum level, estimated by viable colony count 
 
3.2.3 Measuring the effect of white light on bacterial survival 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of  S.  aureus  NCTC  6571,  E.  coli  ATCC  25922,  E.  faecalis,  S.  pyogenes  ATCC  12202, 
EMRSA‐16,  EMRSA‐15,  MRSA  43300,  S.  aureus  NCTC  8325‐4  and  S.  epidermidis  01 
were  prepared  as  detailed  in  Section  2.3,  resulting  in  a  starting  inoculum  of 
approximately  107  cfu  /  ml,  equating  to  approximately  2.5  x  105  cfu  /  sample.  The 
effect of the white light on the viability of bacterial strains was determined using the 
methodology described in Section 2.8 and Figure 2.2. The Mann Whitney test was used 
to  determine  the  statistical  significance  of  any  differences  observed,  as  described  in 
Section2.13. 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3.3 Results 
3.3.1 Optimisation of the sampling technique 
The  use  of  different  swabs  during  sampling  did  not  result  in  a  notable  increase  in 
bacterial  recovery  (Figure  3.1);  the  greatest  recovery  of  E.  coli  and  E.  faecalis was 
observed using  the alginate  swab but  there  remained a 97.3% and  99.2%  respective 
loss  compared  with  the  starting  inoculum.  Recovery  of  E.  coli  and  E.  faecalis  using 
cotton swab C resulted in a 98.9% and 99.6% loss of bacteria respectively and the use 
of cotton swab A resulted in a 98.9% and 99.7% loss of bacteria, respectively. Overall, 
recovery of E. coli was better than recovery of E. faecalis.  
 
 
Figure 3.1 Comparison of different swab types to increase the recovery of E. coli and 
E. faecalis. The use of any of the swab types resulted in a loss of more than 97% of 
bacteria during the swabbing process. Bars indicate mean values (n=8) and error bars 
represent standard deviations. 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Therefore, E. coli was used to assess further improvements in the sampling technique, 
with cotton swab A. Sonicating the swabs after sampling the surface did not result in a 
greater  recovery of E.  coli, nor  did  the use of more  than  one  swab  (Figure 3.2).  The 
method which resulted in the greatest recovery of bacteria was the 2‐swab in 1 bijou 
method, but there was still a 98% difference between the starting concentration of E. 
coli  and  the  concentration  recovered.  All  nine  methods  tested  resulted  in  losses  of 
more than 98% of E. coli. Therefore the 1‐swab technique, with cotton swab A and a 
120 second vortex was used for all subsequent experiments. The difference in recovery 
between the various techniques was not substantial and the chosen method was the 
least labour intensive and most cost effective. 
 
Figure 3.2 Comparison of different sampling methods used to increase the recovery 
of E. coli. All sampling methods trialled resulted in losses of more than 98% of E. coli. 
Bars indicate mean values (n=8) and error bars represent standard deviations. 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3.3.2 ATP bioluminescence 
3.3.2.1 S. aureus  
The most  accurate  prediction  of  the  concentration  of S.  aureus was  produced when 
the  BioProbe  luminometer  was  used  to  detect  ATP  bioluminescence;  a  starting 
inoculum of  2.5x105  /  cm2 was  reported as 6.7x105  /  cm2  (Figure  3.3). However,  the 
highest  dilutions  of  bacteria were  not  always  detected  and were  falsely  reported  as 
negative, which resulted in large standard deviations and a coefficient of variation (CV) 
of  over  100%  for  the  lowest  concentration  of  bacteria  (Table  3.2).  Furthermore,  the 
methodology  was  not  the  most  sensitive;  the  calculated  sensitivity  of  the  BioProbe 
assay was  2.5x104  /  cm2  (p <0.05), which meant  that  lower  bacterial  concentrations 
could not be differentiated from the negative control. An accurate estimate of the S. 
aureus  concentration was  also  produced when  the  Junior  luminometer was  used  to 
detect ATP bioluminescence. However, at the lowest test concentration, the variance 
of the data was very large, which similarly resulted in a CV value above 100%. 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Figure 3.3 Comparison of the five different methods employed for the detection of 
surface‐associated  S.  aureus.  Data  points  represent  mean  values  and  error  bars 
represent standard deviations (Aiken et al., 2011). 
 
Table  3.2  Reproducibility  of  the  ATP  bioluminescence  assay  using  the  four 
luminometers to detect S. aureus, displayed as coefficients of variation (CV) where a 
lower  CV  represents  a  greater  reproducibility.  All  values  are  expressed  as 
percentages. The sensitivity of each assay is marked with an asterisk. 
cfu / cm2 
S. aureus 
Lumat  Junior  BioProbe 
Clean‐ 
Trace 
2.5x105  16  62  52  21 
2.5x104  20  64  70*  29 
2.5x103  27  51  62  35* 
2.5x102  44*  158*  137  133 
 
The  most  precise  estimate  of  the  bacterial  load  on  the  test  surface  was  generated 
when  the  Lumat  luminometer  was  used  to  detect  ATP  bioluminescence  (p  <0.01), 
where precision is an indication of the reproducibility of the method. The presence of 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2.5x102 / cm2 (the lowest dilution factor tested) of S. aureus was consistently detected 
(Figure 3.3) and  low  levels of bacteria were not misreported as negative, which was 
confirmed by the low CV values obtained (Table 3.2) for all dilution factors. However, 
the accuracy of the device was poor as the detected concentration of bacteria was at 
least a factor of 10 lower than the inoculum added to the test surface.  
When  the  Clean‐Trace  luminometer  was  used  to  detect  ATP  bioluminescence,  an 
inaccurate  result  was  always  generated  although  the  data  produced  was  always 
reproducible. The concentration of S. aureus was underestimated by almost a factor of 
10  at  each  dilution  factor.  At  low  bacterial  concentrations,  an  absence  of  ATP  was 
commonly reported, resulting in large standard deviations and a CV value over 100% at 
the lowest bacterial concentration.  
Reproducible  estimates were  obtained  using  the  viable  count method;  however  the 
bacterial  load was underestimated by up to a  factor of 10 and was  lower than those 
values  generated  by  the  ATP  bioluminescence  assays  using  the  BioProbe  or  Junior 
luminometers. A  large variation  in  the values obtained at higher  concentrations was 
also seen although the presence of bacteria was never misreported. 
3.3.2.2 E. coli  
The most accurate prediction of the concentration of E. coli was produced when the 
BioProbe  luminometer  was  used  to  detect  ATP  bioluminescence  and  a  starting 
inoculum of  2.5x105  /  cm2 was  reported as 2.2x105  /  cm2  (Figure  3.4). However,  the 
highest  dilutions  of  bacteria were  not  always  detected  and were  falsely  reported  as 
negative, which  resulted  in  large  standard deviations and CV values of over 100%. A 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less accurate prediction of the concentration of E. coli present on the test surface was 
provided when the Junior  luminometer was used to detect ATP bioluminescence. For 
example, when  the  starting  inoculum was  2.5x105  /  cm2  the  bacterial  concentration 
was  underestimated  by  a  factor  of  10  and  at  the  lowest  bacterial  concentration  no 
bacteria  were  detected  on  any  of  the  six  replicates  performed  (Figure  3.4).  The 
reproducibility of the assay was poor which was reflected by the high CV values; a CV 
value of 0 was obtained when the starting  inoculum was 2.5x102 /  cm2, but this was 
only because of the inability of the assay to detect the presence of E. coli.  
 
 
Figure 3.4 Comparison of the five different methods employed for the detection of 
surface‐associated  E.  coli.  Data  points  represent  mean  values  and  error  bars 
represent standard deviations (Aiken et al., 2011). 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Table  3.3  Reproducibility  of  the  ATP  bioluminescence  assay  using  the  four 
luminometers  to  detect  E.  coli,  displayed  as  coefficients  of  variation  (CV) where  a 
lower  CV  represents  a  greater  reproducibility.  All  values  are  expressed  as 
percentages. The sensitivity of each assay is marked with an asterisk. 
cfu / cm2 
E. coli 
Lumat  Junior  BioProbe 
Clean‐ 
Trace 
2.5x105  14  85  52  32* 
2.5x104  23  67*  32  36 
2.5x103  15  254  58*  54 
2.5x102  13*  0  98  104 
 
The most sensitive and reproducible estimate of the number of E. coli present on the 
test  surface  was  generated  when  the  Lumat  luminometer  was  used  to  detect  ATP 
bioluminescence  (Figure  3.4).  Low  levels  of  bacteria  were  always  detected  and  not 
misreported as negative and  there was very  little  variation observed  in  the  readings 
generated which was confirmed by the  low CV values obtained for all concentrations 
of bacteria tested (Table 3.3). However the accuracy of the estimate was poor as was 
also seen in the S. aureus assay and the detected concentration of bacteria was at least 
a factor of 10 lower than the inoculum level. For example, just 7.4x103 / cm2 of E. coli 
was detected by this method when the starting inoculum was 2.5x105 / cm2. 
When  the  Clean‐Trace  luminometer  was  used  to  detect  ATP  bioluminescence  an 
accurate prediction of the concentration of E. coli at the lowest dilutions was provided 
(Figure  3.4).  However,  there  was  little  differentiation  between  the  highest  two 
dilutions of bacteria tested. For example, a starting concentration of E. coli of 2.5x103 / 
cm2  was  reported  as  3.4x102  /  cm2  and  a  starting  concentration  of  2.5x102  /  cm2, 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reported  as  1.7x102  /  cm2  and  this  problem  was  compounded  by  the  fact  that  the 
highest dilutions of either bacteria were not always detected and thus falsely reported 
as negative, resulting in large standard deviations and CV values of over 100%. 
The viable  count method was superior to all other methods for E. coli detection. For 
example, when the starting  inoculum of E. coli was either 2.5x105  / cm2 or 2.5x102 / 
cm2  respective  concentrations  of  1.1x105  /  cm2  and  1.4x102  /  cm2  were  obtained 
(Figure  3.4).  The  presence  of  bacteria  was  always  reported,  even  at  low 
concentrations, which was not shown for all the luminometer‐based methods. 
3.3.3 Measuring the effect of white light on bacterial survival 
3.3.3.1 Comparison of 4 bacterial strains on a glass substrate 
White  light was observed to have an antibacterial effect on  the  survival of S. aureus 
NCTC 6571  on a glass  surface  (Figure  3.5). After 24 hours exposure  to white  light,  a 
statistically significant reduction in viable organisms was seen (5.6 log10 cfu / sample), 
compared with the control conditions without white light exposure. The median count 
was below the detection limit of the assay but there was a wide range in counts and 
values between 0 and 4.7 log10 cfu / sample were obtained (p <0.001). 
White  light  did  not  have  an  effect  on  the  survival  of  E.  coli ATCC  25922  on  a  glass 
surface  (Figure 3.6). After 24 hours exposure  to white  light,  a negligible  reduction  in 
viable organisms was seen (0.2 log10 cfu / sample), compared with the control sample, 
which  was  not  exposed  to  white  light.  Although,  when  the  data  were  statistically 
analysed, a highly  significant difference  in  counts was observed;  this was due  to  the 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very  small error bars  in  this  series of experiments attributed  to  the  little  variation  in 
counts  obtained  on  each  experimental  repeat.  Such  small  differences would  not  be 
considered microbiologically different. 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Figure 3.5 Effect of the white light source on the survival of S. aureus NCTC 6571 on a 
glass surface. A 25 µl bacterial suspension was  inoculated onto a glass slide before 
expose to white  light for 24 hours (L+; n = 29). As a control,  inoculated glass slides 
were also incubated in the dark for 24 hours (L‐). The thick horizontal lines indicate 
median values, the base and top of each box represents the 25% and 75% quartiles 
respectively, and the error bars,  the 10% and 90% percentiles and the small circles 
are outliers. The dotted horizontal line indicates the detection limit of the sampling 
method, 1.4 log10 cfu / sample. 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Figure 3.6 Effect of the white light source on the survival of E. coli ATCC 25922 on a 
glass surface. Samples were exposed to white light for 24 hours after addition of 25 
µl of a bacterial inoculum (n = 10). 
The effect of white light on the survival of E. faecalis on a glass surface can be seen in 
Figure 3.7. After 24 hours exposure  to white  light,  a  small but  statistically  significant 
reduction  in  viable  organisms was  seen  (0.1  log10  cfu  /  sample),  compared with  the 
control sample that was not exposed to white  light (p <0.05). A wide range  in counts 
was  obtained  with  values  between  2.2  and  5.4  log10  cfu  /  sample  observed  on  the 
surface exposed to light. 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Figure  3.7  Effect  of  the white  light  source  on  the  survival  of E.  faecalis  on  a  glass 
surface. Samples were exposed to white light for 24 hours after addition of 25 µl of a 
bacterial inoculum (n = 6). 
 
White  light was also observed to have an effect on the survival of S. pyogenes ATCC 
12202  inoculated onto a glass surface (Figure 3.8). After 24 hours exposure to white 
light, a 1.3  log10 cfu / sample reduction  in viable organisms was seen compared with 
the control conditions without white light exposure, which was statistically significant 
(p <0.05). There was a wide range in counts and values between 0 and 4.5 log10 cfu / 
sample were obtained. 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Figure 3.8 Effect of the white light source on the survival of S. pyogenes ATCC 12202 
on a glass surface. Samples were exposed to white light for 24 hours after addition of 
25 µl of a bacterial inoculum (n = 4). 
 
3.3.3.2 Comparison of S. aureus strains on a glass substrate 
The data  collected  in  the  previous  sections  suggested  that S. aureus NCTC 6571 was 
particularly susceptible to the white light used for this series of experiments, so it was 
decided  to examine other S. aureus  strains  to  see whether  they share  this  increased 
sensitivity  to white  light  inactivation.  This  was  particularly  important  as  it  would  be 
useful to assess the activity of the light‐activated antimicrobial coatings against strains 
of S. aureus,  especially  the epidemic  strains EMRSA‐15 and  EMRSA‐16, because  they 
are a common cause of HCAIs, they have been the predominant circulating strains of 
MRSA in the UK, and are cited as the cause of more than 95% of MRSA bacteraemias 
(Johnson et al., 2001; Ellington et al., 2010). 
A reduction in the recovery of both EMRSA‐16 (Figure 3.9) and EMRSA‐15 (Figure 3.10) 
was seen from the glass surfaces exposed to the white light source, compared to that 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recovered from the surfaces not exposed to white light. The observed reductions were 
statistically  significant and were 0.9  log10  cfu  /  sample and 1.5  log10  cfu  /  sample  for 
EMRSA‐16  (p  <0.01)  and  EMRSA‐15  (p <0.01)  respectively,  indicating  that  EMRSA‐16 
was less susceptible to the white light, compared with EMRSA‐15. 
White light was observed to have a much greater effect on the survival of MRSA 43300 
inoculated onto a glass substrate (Figure 3.11). After 24 hours exposure to white light, 
a  statistically  significant  reduction  in  viable  organisms  was  seen  (4.6  log10  cfu  / 
sample),  compared  with  the  control  conditions  without  white  light  exposure.  The 
median count was below the detection limit of the assay but there was a wide range in 
counts and values between 0 and 4.6 log10 cfu / sample were obtained. These results 
were  similar  to  those observed after S. aureus NCTC 6571 was exposed  to  the  same 
light conditions (Figure 3.5). 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Figure  3.9  Effect  of  the white  light  source  on  the  survival  of  EMRSA‐16 on  a  glass 
surface. Samples were exposed to white light for 24 hours after addition of 25 µl of a 
bacterial inoculum (n = 8). 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Figure 3.10 Effect of  the white  light  source on  the  survival of EMRSA‐15 on a glass 
surface. Samples were exposed to white light for 24 hours after addition of 25 µl of a 
bacterial inoculum (n = 12). 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Figure 3.11 Effect of the white light source on the survival of MRSA 43300 on a glass 
surface. Samples were exposed to white light for 24 hours after addition of 25 µl of a 
bacterial inoculum (L‐, n = 10 / L+, n = 12). 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The effect of white  light on the survival of S. aureus NCTC 8325‐4  is shown  in Figure 
3.12. A 3.3 log10 cfu / sample reduction in bacterial count was observed compared with 
the control group which was not exposed to white light and this reduction was highly 
statistically  significant.  The  survival  of  S.  aureus  NCTC  8325‐4  also  appeared  to  be 
affected by the experimental set up as a reduction in the recovery of bacteria from the 
control  group was  seen,  which was  also  statistically  significant  at  the  0.1%  level.  S. 
aureus NCTC 8325‐4 appeared to be slightly more tolerant to the effects of the white 
light compared with S. aureus NCTC 6571 (Figure 3.5). 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Figure 3.12 Effect of the white light source on the survival of S. aureus NCTC 8325‐4 on 
a glass surface. Samples were exposed to white light for 24 hours after addition of 25 
µl of a bacterial inoculum (n = 8). 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Table 3.4 Summary of results from the series of experiments examining the effect of 
white light on bacterial survival. Data are expressed as median values. 
Bacterial strain 
Reduction in bacterial recovery 
(log10 cfu / sample) 
S. aureus NCTC 6571  5.6 
E. coli ATCC 25922  0.2 
E. faecalis  0.1 
S. pyogenes ATCC 12202  1.3 
EMRSA‐16  0.9 
EMRSA‐15  1.5 
MRSA 43300  4.6 
S. aureus NCTC 8325‐4  3.3 
 
3.4 Discussion 
3.4.1 Optimisation of the sampling technique 
Accurate assessment of the activity of the light activated coatings is dependent upon a 
reliable  and  reproducible method  of  detecting  bacteria  found  on  the  surface  of  the 
coatings  both  before  and  after  light  exposure  (Verran  et  al.,  2010a).  Therefore,  the 
sampling  technique  used  previously  in  this  laboratory  was  examined  to  determine 
whether it could be further improved. Different techniques were used to measure the 
level of microbial contamination on uncoated surfaces. Swabs are the most commonly 
used  technique  for  measuring  surface  contamination  but  it  has  been  well  reported 
that  the  rate  of  bacterial  recovery  using  this method  is  poor  (Davidson  et  al.,  1999; 
Moore and Griffith, 2007). Cotton‐tipped swabs are often used because they absorb a 
large  volume of  the  bacterial  suspension  on  the  surface,  so  the  surface  appears  dry 
after  sampling.  However,  bacteria  become  entangled  within  the  meshwork  of  the 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cellulose  fibres  of  the  swab  head,  and  are  not  readily  released  during  vortexing, 
resulting  in  a  low  count  during  enumeration  (Favero  et  al.,  1968).  Viscose  is  a 
derivative of  cotton so would be  likely to absorb  liquid to the same degree. Alginate 
swabs have been reported to improve the recovery of bacteria from surfaces (Page et 
al., 2007), but these data show that this improvement was not substantial and that the 
bacterial  recovery  was  comparable  to  the  other  swab  head  materials.  Swab  heads 
comprised of man‐made fibres such as nylon do not retain liquid to the same degree 
and  so  any  organisms  taken  up  by  the  swab  are  readily  released.  However,  fewer 
bacteria  are  taken  up  by  the  initial  sampling  event,  so  a  similarly  low  count  is 
generated (Davidson et al., 1999). Detergent based sampling solutions have been used 
to  increase  sampling  efficiency  and  could  have  been  used  instead  of  PBS  in  these 
studies to improve bacterial recovery (Salo and Wirtanen, 1999). 
Other  factors  to  consider  when  interpreting  data  generated  from  viable  counts  are 
that each colony forming unit counted on a plate does not necessarily correspond to 
one  bacterial  cell,  as  a  clump  of  numerous  cells  will  form  one  colony,  as  will  one 
bacterial  cell.  Light  exposure  causes  bacterial  stress,  which  in  turn  causes  bacterial 
clumping  and  a  concomitant  reduction  in  the  number  of  organisms  recovered. 
Furthermore,  both  the  swabbing  and  vortexing  processes,  used  to  remove  adherent 
organisms from the surface and swab head respectively, can damage the  integrity of 
the bacterial cell wall, which would also result in a smaller number of viable cells and a 
lower  viable  count  (Obee  et  al.,  2007).  To  detect  the  presence  of  residual 
microorganisms  remaining  on  the  surface,  post‐sampling  microscopic  examination 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could  be  employed  and  any  remaining  bacteria  could  be  stained with  a  differential 
viability stain (Verran, 2010; Verran et al., 2010a). 
3.4.2 ATP bioluminescence 
Sampling a surface with a swab can give a good indication of the presence of bacteria, 
but  does  not  provide  an  exact  concentration  of  the  bacteria  present  on  the  surface 
(Moore and Griffith, 2007; Verran et al., 2010a). Luminometers are used frequently in 
the food industry (Davidson et al., 1999; Storgards et al., 1999) and increasingly in the 
healthcare profession (Griffith et al., 2000; Dancer, 2004; Lewis et al., 2008) to detect 
the presence of microbial contamination and organic soil. Four different luminometers 
were  tested  as  alternative  sampling  methods  to  swabbing  and  performing  viable 
counts.  
Previous studies have shown that it is not possible to detect low numbers of bacteria 
from a test surface using ATP bioluminescence (Salo et al., 1999), specifically <103 cfu / 
cm2 (Davidson et al., 1999; Moore et al.,  2001; Moore and Griffith, 2002).  Improved, 
more  sensitive  luminometers,  such  as  the  Lumat  and  the  Junior,  were  used  in  this 
chapter,  in addition  to an  improved detection  reagent  that eliminated non‐microbial 
ATP and claimed to be able to detect as few as five bacterial cells (BioThema AB, 2006), 
so an increased sensitivity was expected. 
However,  this  study  supports  previous  findings  and  has  demonstrated  that  ATP 
bioluminescence was not suitable for accurately detecting the number of bacteria on a 
test  surface  over  a  range  of  concentrations  (Aiken  et  al.,  2011).  The  methodology 
utilising  the  BioProbe was  able  to  detect  higher  concentrations  of  both  E.  coli  or  S. 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aureus,  but  no  one  method  was  able  to  reproducibly  detect  both  organisms  at  all 
bacterial  concentrations.  At  lower  concentrations  of  bacteria,  the  BioProbe‐based 
assay either did not detect the presence of bacteria, or made no distinction between 
the  suspensions  containing  2.5x103  /  cm2  and  2.5x102  /  cm2.  The  BioProbe 
methodology was likely to have produced the best results because the instrument was 
specifically designed  for detecting bacteria directly  from a  flat  surface. However,  the 
BioProbe  is  no  longer  commercially  available,  so  the  use  of  this  instrument  was 
unsuitable  for  future  studies.  The  methods  employing  the  Junior,  Clean‐Trace  and 
Lumat luminometers and indeed viable counts all incorporate a swabbing step. For the 
organisms  to  be  detected  by  these  methods  they  therefore  needed  to  be  both 
captured by the swab from the test surface and released from the swab head into the 
diluent prior to quantification (Moore and Griffith, 2002), which limits the recovery of 
bacteria from the surface. 
The Lumat  luminometer was statistically the most sensitive model tested (p <0.01 at 
2.5x102  /  cm2  for  both  E.  coli and S.  aureus) and produced  consistent  data  at  every 
dilution  tested.  However,  the  estimate,  although  reproducible,  was  not  always 
accurate and was up to ten fold lower than both the known concentration of bacteria 
inoculated  onto  the  test  surface  and  the  estimates  made  using  alternative 
luminometers. This was disappointing as under optimum conditions, the instrument is 
able to detect 1 amol ATP, which corresponds to less than one bacterial cell (BioThema 
AB, 2006; Berthold Technologies GmbH & Co. KG, 2007). The  instrument  is designed 
for experiments such as gene reporter assays and luminescent immunoassays (Dyer et 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al., 2000; McKeating et al., 2004) and this work suggests that the published sensitivity 
cannot be transferred to the quantification of bacteria from surfaces. 
In the present  laboratory study, a correlation between colony forming units and RLU 
was made but it has previously been difficult to demonstrate a high, direct correlation 
between  these  parameters  outside  of  laboratory  conditions  because  ATP 
bioluminescence  detects  all  ATP  present  on  the  sampled  surface,  including  organic 
material  of  bacterial  origin,  food  residues,  human  secretions  and  dirt  (Poulis  et  al., 
1993). Generally, of the total ATP isolated from a hand touch surface, 33% is microbial 
in  origin,  therefore,  it  is  likely  that  the RLU values obtained will be higher  than  that 
expected if only microbial ATP was detected (Griffith et al., 2000). However, a number 
of groups have demonstrated a correlation between these parameters. 
Selan et al., (1992) used ATP bioluminescence to detect urinary pathogens from either 
bacterial  culture  or  patient  samples  and  employed  the  NRB  /  Lumit  PM  kit.  At  high 
bacterial concentrations (>105 cfu / ml), a correlation between cfu / ml and RLU was 
observed, where 105 cfu / ml E. coli corresponded to 10 – 500 RLU and 109 cfu / ml E. 
coli  corresponded  to  an  RLU  of  around  87,000.  A  statistically  significant  but  low 
correlation between cfu / ml and RLU values was demonstrated when the 3M Clean‐
Trace  ATP  system  was  used  to  monitor  the  effectiveness  of  cleaning  in  a  hospital 
(Boyce et al., 2009). Other groups have demonstrated a weak correlation between the 
ATP score and microbial growth when different ATP systems were used to assess the 
cleanliness of hospital wards (Aycicek et al., 2006; Mulvey et al., 2011). In a separate 
cleaning  study,  sites  which  were  considered  unsatisfactory  by  ATP  bioluminescence 
were also shown to be unsatisfactory by microbiological swabbing (Willis et al., 2007). 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Articles  in  the  literature have questioned  the value  in  correlating  the aerobic  colony 
count  and  ATP  bioluminescence  RLU  values  because  they  measure  different 
parameters; the former measures the number of viable microorganisms and the latter 
measures the residual organic soil, which could be of microbial or non‐microbial origin 
(Lewis et al., 2008).  In this chapter, a  relationship between the viable count and ATP 
bioluminescence  readings  was  sought  and  this  was  valid  because  the  test  surfaces 
were decontaminated before use  so  it was assumed  that no  residual ATP  remained. 
Additionally, the reagent kit that was used contained an  initial step which eliminated 
non‐microbial ATP which further increases the likelihood that any ATP detected on the 
surfaces was of bacterial origin and not from another exogenous source. However, this 
question is perhaps invalid within the context of assessing the cleanliness of a hospital 
environment.  
An  important  limitation  of  ATP  bioluminescence  is  that  no  information  about  the 
bacterial species is given (Hawronskyj and Holah, 1997). Within a hospital environment 
it would be advantageous to differentiate between bacterial species, for example the 
presence of MRSA on a patient’s bed‐rail would be of much greater  interest clinically 
than the presence of coagulase‐negative staphylococci on the same surface. Molecular 
techniques  such  as  the  polymerase  chain  reaction  (PCR)  or  culture‐based  methods 
would be required to speciate the bacteria present. 
3.4.3 The effect of white light on bacterial survival 
Finally,  the  effect  of  white  light  on  the  viability  of  a  range  of  microorganisms  was 
investigated  to  ensure  that  any  reduction  in  bacterial  counts  observed  on  the  novel 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light activated thin films to be tested was attributed directly to the intrinsic activity of 
the coatings and not due to the light exposure itself. When E. coli and E. faecalis were 
inoculated  onto  uncoated  glass  surfaces  and  then  exposed  to  white  light,  an 
insubstantial reduction in cell number was observed. A reduction in the recovery of E. 
coli  has  previously  been  observed  after  irradiation  with  458  and  488  nm  light 
(Vermeulen et al., 2008), although a zenon arc lamp was used which generates light of 
a much greater intensity. Interestingly, this was not the case with S. aureus NCTC 6571. 
An  average  reduction  of  5.6  log10  cfu  /  sample  was  observed  on  an  uncoated  glass 
surface. This effect was also seen to a  lesser extent  in a different strain of S. aureus, 
ATCC  8325‐4  and  an  average  reduction  of  3.3  log10  cfu  /  sample  was  observed.  S. 
aureus NCTC 6571 has previously been shown to be unaffected by 6 hours exposure to 
the  same white  light  source  (Decraene  et  al.,  2006,  2008b),  implying  that  the  killing 
occurs after a prolonged irradiation time. Indeed, Maclean et al (2009) demonstrated 
that  longer  exposure  times  were  required  for  photoinactivation  of  certain  bacterial 
species,  such as E.  coli and E.  faecalis.  This group and others  have used  light with a 
wavelength of between 400 – 420 nm to photoinactivate a range of bacterial species 
(Guffey and Wilborn, 2006; Maclean et al., 2008, 2009; 2010). 
The mechanism  of  action  is  proposed  to  be  due  to  photo‐excitation  of  endogenous 
intracellular porphyrins, resulting in the generation of cytotoxic singlet oxygen species 
(Hamblin  and  Hasan,  2004;  Lipovsky  et  al.,  2009).  It  is  proposed  that  the  observed 
reductions in bacterial viability described in these studies are likely to be caused by the 
same mechanism but this has not been investigated further. The variation in bacterial 
counts observed  in  some of  the experiments  could also be due  to differences  in  the 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intracellular  concentration  of  porphyrins,  but  the  reason  for  this  variation  is  unclear 
(Hamblin et al., 2005). 
Interestingly, the epidemic strains of MRSA did not show the same level of sensitivity 
to  the  effect  of  the  white  light  source.  EMRSA‐16  appears  to  show  an  increased 
tolerance to the inhibitory effect of the white light source compared to other tested S. 
aureus strains, as a 0.9  log10 cfu / sample decrease in the recovery of EMRSA‐16 was 
seen after 24 hours exposure to the white light, compared with a 1.5 log10 cfu / sample 
decrease  when  EMRSA‐15  was  used  and  much  greater  reductions  for  meticillin‐
sensitive strains. Variations  in the sensitivity of S. aureus to the effects of white  light 
has been described previously and was proposed that the differences in susceptibility 
were  due  to  increased  production  of  porphryns,  increased  generation  of  reactive 
oxygen species, and decreased production of carotenoids in the light‐sensitive strains 
(Lipovsky et al., 2009). A mutation could be present in epidemic strains, which confers 
increased tolerance to white  light by overproduction of the carotenoids, antioxidants 
or decreased production of porphyrins. Amplification of the genes flanking either the 
S.  aureus‐specific  porphyrin  coproporphyrin  or  golden  pigment  carotenoid,  and 
sequencing of the PCR product could confirm this hypothesis. 
The  observed  decreased  susceptibility  to  white  light  could  contribute  towards  the 
persistence  of  epidemic  strains  such  as  EMRSA‐16  in  the  hospital  environment. 
Therefore, when choosing an epidemic MRSA strain to use for assessment of the light‐
activated antimicrobial coatings, it would be logical to select the strain that is less light 
sensitive and these studies show this to be EMRSA‐16. 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3.5 Conclusions 
Sampling the test surfaces by swabbing and subsequently performing viable counts has 
been  shown  to provide an adequate estimate of  concentration of bacteria on a  test 
surface. Data generated in this chapter suggest that a method incorporating the use of 
ATP  bioluminescence  for  testing  novel  antimicrobial  coatings  would  not  be 
appropriate. The superiority of the viable count technique was especially apparent at 
low bacterial  concentrations, when  the ATP bioluminescence based  techniques were 
unable  to  consistently  confirm  the  presence  of  small  numbers  of  bacteria.  Two 
meticillin‐sensitive  strains  of  S.  aureus  were  shown  to  be  susceptible  to 
photoinactivation  by  white  light  alone,  whereas  the  meticillin‐resistant  strains  of  S. 
aureus tested showed increased tolerance, indicating a possible virulence factor found 
in EMRSA‐16. E. coli and E. faecalis also displayed tolerance to the inhibitory effects of 
the white light source, so E. coli will be initially used to assess the antibacterial activity 
of the light‐activated coatings. 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4 Assessment  of  novel  APCVD‐synthesised  light‐activated 
antibacterial materials for use in the hospital environment 
4.1 Introduction 
Presented in this chapter are the findings from a series of novel antimicrobial coatings 
that were activated by either visible or ultraviolet light. The films were generated using 
a process called APCVD (Section 1.5.1) where dopants were added during the synthesis 
of  the  TiO2  thin  films  in  order  to  alter  the  photochemical  properties.  TiO2  is  a well‐
described  photocatalyst,  both  as  a  powder  and  when  immobilised  within  thin  films 
(Matsunaga et al., 1985) and is normally activated by ultraviolet (UV) light. The aim of 
the current work was to shift the band width of novel TiO2 films so that light of a lower 
frequency was  able  to  initiate  photocatalysis  (Section  1.3.3). E.  coli was  used  as  the 
test  organism  for  the  initial  screening  as  it  has  been  demonstrated  that  it  is  not 
affected  by  the  white  light  used  for  activation,  unlike  some  of  the  staphylococcal 
species tested (Section 3.3.3) which have previously been shown to have an increased 
resistance  to  the activity of photocatalysis  (Decraene et al.,  2006; Page et al.,  2007). 
Pure  TiO2  thin  films  were  also  tested  to  demonstrate  the  difference  between  the 
doped and un‐doped materials. The antibacterial activity of the materials was assessed 
using a swab‐based methodology and not an ATP bioluminescence based technique, as 
viable counts produced the most reproducible results in Chapter 3; the presence of E. 
coli was always reported even at low concentrations. 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4.2 Materials and methods 
4.2.1 Synthesis of the thin films 
The titanium (IV) oxynitride films (Ti2.85O4N)  (TiON‐1) were produced by APCVD using 
ammonia as  the nitrogen  source, as described  in Section 2.10.1.1. A nitrogen‐doped 
thin  film  (TiON‐2)  was  also  synthesised  using  ammonia  as  the  nitrogen  source  as 
described  in  Section  2.10.1.1.  The  nitrogen‐doped  TiO2  films  N1,  N2  and  N3  were 
produced by APCVD using t‐butylamine as the nitrogen source as described in Section 
2.10.1.2 and were cut from different areas of a single sheet of coated glass. The sulfur 
containing thin films S1, S2 and S3 were prepared with carbon disulfide as the sulfur 
source and titanium tetrachloride (TiCl4) as the titanium source, as described in Section 
2.10.1.3. TiO2 thin films were prepared as controls as described in Section 2.10.1.4. 
The conditions  chosen  for all  experiments allowed  for  the  rapid  deposition  of a  thin 
film, which remained defect‐ and pinhole‐free by eye. The films were all well adhered 
to the substrate and resistant to abrasion. The thin films were characterised and the 
functional activity assessed as described previously (Dunnill et al., 2009a; 2009b; Aiken 
et al., 2010). 
4.2.2 Measuring the antibacterial effect of the thin films 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of E. coli ATCC 25922 were prepared as detailed  in Section 2.3, resulting in a starting 
inoculum  of  approximately  107  cfu  /  ml,  equating  to  approximately  2.5  x  105  cfu  / 
sample. The effect of the photocatalytic thin films on the viability of bacterial strains 
was  determined  using  the  swab‐based methodology  described  in  Section  2.12.2  and 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Figure 2.2. Samples were denoted C for the nitrogen or sulfur‐containing samples, T for 
the TiO2 thin films and G for the uncoated glass. The Mann Whitney test was used to 
determine  the  statistical  significance  of  any  differences  observed,  as  described  in 
Section 2.13. 
4.2.3 Assessment of the decontamination regimen 
Prior to microbiological assessment, the thin films were decontaminated, as described 
in  Section  2.12.1.  The  decontamination  procedure was  later  amended  and  stored  in 
the dark to deactivate, and used only after a period of 72 hours. 
4.2.4 Effect of the covering material on thin film activity 
To  prevent  dehydration  of  the  bacterial  inocula,  the  effect  of  the materials  used  to 
cover the moisture chamber was investigated. The thin films were incubated under the 
white light for 24 hours with a range of coverings, which still allowed light penetration 
onto the bacterial suspension inoculated onto the thin film. The following covers were 
used: (i) glass cover slips; (ii) quartz cover slips; (iii) the petri dish lid (iv) clingfilm. A UV‐
visible light trace was also generated to measure the transmission of light through the 
petri  dish  lid  and  the  clingfilm.  The  intensity  of  light  generated  by  the  lamp  was 
quantified using a  light meter  (LX101 Lux meter, Lutron Electronic Enterprise Co. Ltd, 
Taiwan). 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4.3 Results 
4.3.1 Photocatalytic activity of titanium dioxide thin films 
The  activity  of  the  TiO2  films  was  initially  examined  to  check  whether  any 
photocatalytic activity was observed using white  light as the source of  incident  light. 
TiO2 thin films prepared in‐house were assessed alongside commercially produced thin 
films. When the TiO2 thin films were assessed for photocatalytic antibacterial activity 
against E. coli (Figure 4.1), no statistical difference in bacterial recovery was observed 
from  the  thin  films  after  a  24  hour  exposure  period  compared  with  the  bacterial 
recovery from the glass slides  (p >0.05);  therefore these TiO2 thin films were used as 
controls for the remaining experiments, where necessary. 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Figure 4.1 Activity of the TiO2 thin films prepared in‐house. An aliquot of E. coli was 
added to the thin films before exposure to the white  light source for 24 hours (L+). 
Alternatively, thin films were incubated in the dark throughout (L‐). Uncoated glass 
sides and TiO2 thin films are denoted by G and Ti, respectively. The thick horizontal 
lines indicate median values, the base and top of each box represents the 25% and 
75% quartiles respectively, and the error bars, the 10% and 90% percentiles and the 
small circles are outliers. The dotted horizontal  line  indicates  the detection  limit of 
the sampling method, 1.4 log10 cfu / sample. 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The commercially produced TiO2 thin film Pilkington Activ
TM was also assessed for any 
photocatalytic  activity  using  the  white  light  source  and  a  0.3  log10  cfu  /  sample 
reduction  in  the  recovery  of  E.  coli  was  observed  compared  with  the  thin  film 
incubated  in  the  absence  of  light  (Figure  4.2).  This  small  decrease  was  statistically 
significant  (p <  0.001) which  is  likely  to  be  due  to  the  small  level  of  variance  in  the 
viable  count  recovered  from  the  thin  films  in  the  control  group,  rather  than  to  a 
difference from the number of bacterial colonies observed in the test group and such 
small differences would not be considered microbiologically different. 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Figure 4.2 Effect of  the commercially produced TiO2  thin  film Pilkington Activ
TM on 
the survival of E. coli. Thin films were exposed to white  light for 24 hours (A+),  the 
bacterial droplet was added then  the sample was exposed a second  light exposure 
period of 24 hours (L+). Alternatively, thin films were exposed to just the latter light 
dose (A‐L+), the first light dose only (A+L‐) or incubated in the dark throughout (A‐L‐). 
The  asterisk  denotes  statistical  significance  compared  with  an  uncoated  control 
incubated under the same lighting conditions, as described in Section 2.13. 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4.3.2 Photocatalytic  antibacterial  activity  of  nitrogen‐containing  titanium 
dioxide thin films TiON‐1 and TiON‐2 
4.3.2.1 Photocatalytic activity after exposure to ultraviolet light 
The activity of the nitrogen‐doped thin films TiON‐2 were assessed initially using two 
UV lamps (254 nm, 365 nm) as the light sources. When the thin film TiON‐2 was pre‐
exposed  to  1  hour  of  254  nm  light,  inoculated  with  E.  coli  and  then  subjected  to  4 
hours of 365 nm light, (C A+L+), a 1.4 log10 cfu / sample (95.5%) reduction in bacteria 
was  observed,  compared  with  the  uncoated  control  exposed  to  the  same  light 
conditions  (G A+L+). This difference  is  statistically  significant  (p < 0.01) and  is  shown 
graphically,  along with  the  bacterial  counts  for  a  number  of  the  other  conditions  in 
Figure 4.3. 
Exposing the uncoated slides to both light incubation steps (G A+L+) or just the latter 
light  incubation  step  (G A‐L+)  resulted  in a 0.5  log10  cfu  /  sample  reduction of E.  coli 
compared with the slides incubated in the absence of light (G A‐L‐); as this difference 
was statistically significant (p < 0.01) the G A+L+ slide was used as the negative control 
throughout. 
The  pre‐inoculation,  activation  step  did  not  substantially  enhance  the  activity  of  the 
thin  films  when  they  were  subsequently  exposed  to  the  365  nm  light.  A  similar 
decrease in bacterial recovery was observed whether the thin films were pre‐activated 
(1.4  log10 cfu  / sample reduction) or not  (1.1  log10 cfu / sample reduction) and these 
values were not  statistically different  (p >0.05).  There was no  significant decrease  in 
the  number  of  bacteria  recovered  from  thin  films  which  were  exposed  to  just  the 
activation step (C A+L‐) and no significant decrease in the number of recoverable E. coli 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was  observed  from  the  thin  films  which  were  incubated  in  the  absence  of  light 
throughout  (C A‐L‐),  in  fact  the  bacterial  recovery was greater  from  these  thin  films 
than from the negative control. 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Figure 4.3 Concentration of E. coli remaining on the thin film TiON‐2 after exposure 
to 1 hour 254 nm light and 4 hours 365 nm light (C A+L+) or just the latter light dose 
(C  A‐L+).  Thin  films  were  also  exposed  to  the  activation  step  only  (C  A+L‐)  or 
incubated  in  the  dark  throughout  (C  A‐L‐).  Uncoated  glass  slides were  exposed  to 
both light conditions (G A+L+) or neither (G A‐L‐). 
 
When the titanium (IV) oxynitride film TiON‐1 was pre‐exposed to 1 hour of 254 nm 
light, inoculated with E. coli, and then exposed to 4 hours of 365 nm light (C A+L+), a 
4.1  log10 cfu / sample (99.99%) reduction  in bacterial count was observed, compared 
with the uncoated control exposed to the same light conditions (G A+L+) (Figure 4.4). 
This difference was highly statistically significant (p < 0.01). 
The pre‐inoculation, activation step was found to enhance the activity of the thin films. 
The recovery of E. coli  from the oxynitride thin films which were exposed to the 365 
nm light for four hours without prior activation was not significantly different from the 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recovery from the uncoated control slides (p >0.05). Similarly, no significant decrease 
in the number of bacteria recovered from the thin films was observed when they were 
just activated (C A+L‐) or when the thin films were incubated in the absence of light (C 
A‐L‐). 
In comparison, when the TiO2 thin films were exposed to 365 nm light with a 254 nm 
activation step there was a 4.1  log10 cfu / sample reduction  in bacterial count.  It was 
conversely found that for the TiO2 thin films the activation step was unnecessary and 
exposure  to  365  nm  light  alone  led  to  a  4.1  log10  cfu  /  sample  reduction  after  four 
hours of light exposure (data not presented). 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Figure 4.4 Concentration of E. coli remaining on the thin film TiON‐1 after exposure 
to 1 hour 254 nm light and 4 hours 365 nm light (C A+L+) or just the latter light dose 
(C  A‐L+).  Thin  films  were  also  exposed  to  the  activation  step  only  (C  A+L‐)  or 
incubated  in  the  dark  throughout  (C  A‐L‐).  Uncoated  glass  slides were  exposed  to 
both light conditions (G A+L+) or neither (G A‐L‐). 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4.3.2.2 Photocatalytic activity after exposure to white light 
The photoactivity of these thin films was subsequently assessed using visible  light as 
the activating light source. As white light has a lower frequency than ultraviolet light, 
the  samples had  to be exposed  to  the white  light  for a  longer  time period. The  thin 
films  were  exposed  to  the  white  light  for  24  hours  as  an  ‘activating’  step,  then 
inoculated with E. coli and exposed to the white light for either 6, 18 or 24 hours. The 
thin  film  TiON‐2  did  not  display  any  significant  photoactivity  after  6,  18  or  24  hours 
exposure  to  the white  light  (Figure  4.5).  The  greatest  decrease  in  bacterial  recovery 
was  exhibited  after  24  hours,  where  just  a  0.5  log10  cfu  /  sample  reduction  was 
observed compared with  the  thin  films  incubated  in  the absence of  light  throughout 
the  duration  of  the  experiment  (A‐L‐).  However,  the  effect  of  the  light  source  alone 
should  be  incorporated  into  this  reduction  to  show  that  any  reduction  in  bacterial 
recovery was due to the photoactivity of the thin films and not an artefact caused by 
the light source. 
It was demonstrated  in Section 3.3.3.1 and Figure 3.6 that 24 hours exposure to the 
white light resulted in a 0.2 log10 cfu / sample decrease in the recovery of E. coli. This 
figure was subtracted from the reductions seen in this section, and this value was used 
as the overall negative control (G A+L+). Therefore, the greatest decrease in bacterial 
recovery for the nitrogen‐doped thin film was just 0.2 log10 cfu / sample after exposure 
to both 24 hour light incubation steps, which was not statistically significant. 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Figure  4.5  Effect  of  the  thin  film  TiON‐2  on  the  survival  of E.  coli.  Thin  films were 
exposed to white  light for 24 hours (A+),  the bacterial droplet was added then the 
sample was exposed a second light exposure period of either 6, 18 or 24 hours (L+). 
Alternatively,  thin  films were  exposed  to  just  the  latter  light  dose  (A‐L+),  the  first 
light dose only (A+L‐) or incubated in the dark throughout (A‐L‐). 
 
When the titanium (IV) oxynitride film TiON‐1 was exposed to the white light for either 
6 or 18 hours  there was no  significant  reduction  in  the  recovery of E.  coli. However, 
after 24 hours  irradiation a reductive effect was seen and the average recovery of E. 
coli from the thin film (A+L+) was 0.6 log10 cfu / sample lower than the recovery from 
the uncoated glass slides exposed to the same light conditions (G A+L+) as displayed in 
Figure  4.6.  This  result  was  statistically  significant  (p  <  0.01).  However,  the  observed 
effect  was  not  consistent,  demonstrated  by  the  variability  of  the  A+L+  /  24h  data 
shown in Figure 4.6. Even after five experimental repeats, a consistent result could not 
be achieved and reductions in the bacterial count ranged from 4.9 log10 cfu / sample to 
0.5 log10 cfu / sample with an average reduction of just 0.6 log10 cfu / sample. 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Figure  4.6  Effect  of  the  thin  film  TiON‐1  on  the  survival  of E.  coli.  Thin  films were 
exposed to white  light for 24 hours (A+),  the bacterial droplet was added then the 
sample was exposed a second light exposure period of either 6, 18 or 24 hours (L+). 
Alternatively,  thin  films were  exposed  to  just  the  latter  light  dose  (A‐L+),  the  first 
light dose only (A+L‐) or incubated in the dark throughout (A‐L‐).  
 
The anti‐E. coli effect of titanium (IV) oxynitride thin film TiON‐1 was greater than the 
nitrogen‐doped  thin  film TiON‐2  under both  lighting  conditions, which demonstrates 
that the former thin film was a more effective photocatalyst under the test conditions. 
 
4.3.3 Photocatalytic antibacterial activity of nitrogen‐doped titanium dioxide 
thin films N1, N2 and N3 
4.3.3.1 Photocatalytic activity after exposure to white light 
The activity of a second set of novel nitrogen‐containing thin films was assessed, using 
white light as the activating source of  irradiation. The thin films were exposed to the 
white light for 24 hours, then inoculated with E. coli and re‐exposed to the white light 
for 24 hours. The greatest reduction  in bacterial  recovery was seen when E. coli was 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inoculated  onto  thin  film  N1  and  a  2.8  log10  cfu  /  sample  (99.9%)  reduction  was 
observed (Figure 4.7) compared with the thin films  incubated  in the absence of  light 
throughout  the  duration  of  the  experiment  (A‐L‐). When  the  uncoated  glass  sample 
exposed to both light conditions was used as a control (G A+L+), the overall reduction 
in E. coli caused directly by the activity of the N‐doped thin film N1 was approximately 
2.5 log10 cfu / sample (99.7%), which was highly statistically significant (p < 0.001). 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Figure 4.7 Effect of the thin film N1 on the survival of E. coli. Thin films were exposed 
to white light for 24 hours (A+), the bacterial droplet was added then the sample was 
exposed  a  second  light  exposure  period  of  24  hours  (L+).  Alternatively,  thin  films 
were exposed  to  just  the  latter  light dose  (A‐L+),  the  first  light dose only  (A+L‐) or 
incubated in the dark throughout (A‐L‐).  
 
Exposing the thin films to just the second light condition (A‐L+) resulted  in a 0.9 log10 
cfu  /  sample  reduction  in  the  recovery  of  E.  coli  (p  <  0.05),  compared  with  the 
uncoated  control  incubated  under  the  same  conditions  (G  A+L+).  Exposing  the  thin 
films to the initial activating light dose only (A+L‐) did not have a significant effect on 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the recovery of E. coli, nor did exposure to the thin films in the absence of light, in fact 
a  higher  recovery  of  E.  coli  was  observed  in  this  control  group.  Hence,  an  additive 
effect was observed whereby exposure  to either  the  second  light dose or  both  light 
doses  resulted  in  a  significant  reduction  in  bacterial  recovery,  with  the  greatest 
decrease observed after both light exposure periods. 
When the thin film N2 was exposed to white light for both 24 hour periods, a 1.6 log10 
cfu  /  sample  reduction  was  observed  (Figure  4.8),  compared  with  the  thin  films 
incubated in the dark throughout. When the uncoated glass slide exposed to the same 
light conditions was used as the control, then the recovery of E. coli was reduced to 1.1 
log10 cfu / sample. No statistical significant difference was seen between the test and 
control  groups,  as  the  data  sets  were  small.  No  decrease  in  bacterial  recovery  was 
observed when  the  thin  films were  exposed  to  the white  light  for  24  hours without 
pre‐activation (A‐L+), when the thin films were  just pre‐activated (A+L‐), or when the 
thin films were  incubated  in the absence of  light  (A‐L‐), compared with the uncoated 
control exposed to both light doses. 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Figure 4.8 Effect of the thin film N2 on the survival of E. coli. Thin films were exposed 
to white light for 24 hours (A+), the bacterial droplet was added then the sample was 
exposed  a  second  light  exposure  period  of  24  hours  (L+).  Alternatively,  thin  films 
were exposed  to  just  the  latter  light dose  (A‐L+),  the  first  light dose only  (A+L‐) or 
incubated in the dark throughout (A‐L‐). 
A large variation in the recovery of E. coli was observed from the set of thin films (N3) 
displayed in Figure 4.9. On average, the reduction in bacterial recovery from the pre‐
activated thin films incubated under white light for 24 hours was 0.9 log10 cfu / sample 
when compared with the thin films incubated  in the dark throughout the duration of 
the  experiment.  The  reduction  drops  to  a  0.5  log10  cfu  /  sample  reduction  when 
compared  with  the  uncoated  control  incubated  exposed  to  both  light  doses.  These 
reductions  were  not  statistically  different.  The  recovery  of  E.  coli  from  these  films 
ranged from 5.8 log10 cfu / sample to below the limit of detection, demonstrating the 
wide  spectrum  of  activity  that  these  thin  films  displayed  under  the  experimental 
conditions. Whether the thin film N3 was exposed to just the second light dose whilst 
inoculated with E. coli, just the pre‐activating white light dose or neither, there was no 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significant  reduction  in  bacterial  recovery  compared  with  the  uncoated  control 
exposed to both periods of light. 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Figure 4.9 Effect of the thin film N3 on the survival of E. coli. Thin films were exposed 
to white light for 24 hours (A+), the bacterial droplet was added then the sample was 
exposed  a  second  light  exposure  period  of  24  hours  (L+).  Alternatively,  thin  films 
were exposed  to  just  the  latter  light dose  (A‐L+),  the  first  light dose only  (A+L‐) or 
incubated in the dark throughout (A‐L‐).  
 
4.3.4 Effect of changing the decontamination regimen on thin film N1 
The  effect  of  the modified  decontamination  regime was  evaluated  by  repeating  the 
white  light exposure experiments on  the  thin  film designated N1. However,  the  thin 
films  could  not  be  reproduced  to  the  same specifications  and  had  therefore  already 
been  exposed  to  the  original  decontamination  regime  before  the  new method  was 
used. The activity of the thin film was maintained for the first four replicates when the 
new  decontamination  regimen  was  used  (Figure  4.10a);  a  statistically  significant 
reduction  in  bacterial  recovery  was  observed  (p  <  0.01)  and  the  new  regime  was 
thought  to  be  successful.  However,  the  photocatalytic  activity  of  the  thin  films was 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then lost when the experiment was repeated on a subsequent three occasions (Figure 
4.10b) and no statistically significant reduction in the recovery of E. coli was observed. 
When the thin films were stained using the Live/Dead differential stain, a fluorescent 
green smear was seen on surface of the films but no viable or non‐viable bacterial cells 
were present. 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Figure 4.10 Light‐activated antimicrobial killing of E. coli on thin film N1 (a) and after 
inactivation  (b).  The  thin  film  was  exposed  to  first  light  dose  (A+),  the  bacterial 
droplet was  added,  and  then  the  thin  film was  exposed  to  second  light  dose  (L+). 
Alternatively,  thin  films were  exposed  to  just  the  latter  light  dose  (A‐L+),  the  first 
light dose only (A+L‐) or incubated in the dark throughout (A‐L‐). 
 
4.3.5 Effect of covering material on thin film activity 
The effect of the material used to cover the moisture chamber was investigated with 
regard to bacterial viability. Glass or quartz cover slips were used to cover the bacterial 
inoculum during exposure to the white light source but after 24 hours incubation the 
droplets had evaporated, it was not possible to culture the organisms onto solid agar 
using  the  viable  count  technique  and  the  cells  had  become  non‐viable.  This  was 
confirmed by visualisation using the Live/Dead stain (data not included), which showed 
100% of cells were dead. A bath of water was placed at the base of the  incubator to 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saturate  the  environment  with  moisture  to  prevent  evaporation,  but  the  bacterial 
inoculum had once again dried out after the 24 hour incubation period. 
When the moisture chamber was covered with a plastic petri dish lid or clingfilm, the 
bacterial droplets did not dry out; therefore the effectiveness of these coverings was 
assessed. E.  coli  inoculated  onto  thin  film  TiON‐2  showed  a  greater  susceptibility  to 
killing by UV light when the moisture chamber was covered with clingfilm (Figure 4.11) 
compared to when it was covered with the petri dish lid (Figure 4.3). A 4.9 log10 cfu / 
sample reduction in viable organisms was seen with the clingfilm covering, compared 
with a 1.4 log10 cfu / sample reduction when the plastic petri dish cover was used. 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Figure  4.11  Concentration  of  E.  coli  remaining  on  the  thin  film  TiON‐1  using  a 
clingfilm covering. The thin films were exposed to 1 hour 254 nm light and 4 hours 
365  nm  light  (C  A+L+)  or  just  the  latter  light  dose  (C  A‐L+).  Thin  films  were  also 
exposed to the activation step only (C A+L‐) or incubated in the dark throughout (C 
A‐L‐). Uncoated glass slides were exposed to both light conditions (G A+L+) or neither 
(G A‐L‐). 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A UV‐visible  light transmission trace was produced to highlight any differences in the 
transmission of light through, and the reflectance from the two covering materials. The 
UV‐visible light transmission trace (Figure 4.12) showed that around 90% of light from 
the  visible  portion  of  spectrum  (with  a  wavelength  between  400  and  700  nm) 
penetrated  through  both  the  petri  dish  and  the  clingfilm  coverings.  Less  than  2% of 
light with a wavelength below 280 nm was able to penetrate through the petri dish lid. 
However,  more  than  80%  of  light  of  this  wavelength  could  penetrate  through  the 
clingfilm  covering.  This  finding  indicates  that  this  covering would  not  be  suitable  for 
the  series  of  experiments  evaluating  the  effect  of  the  light  activated  antimicrobial 
coatings, as bacteria are inactivated by light of this wavelength and below (Saito et al., 
1992). The greater reduction in bacterial recovery shown when the clingfilm was used 
to  cover  the  moisture  chamber  suggests  that  wavelengths  of  light  with  a  higher 
frequency were able to pass through the clingfilm resulting in the greater susceptibility 
of E.  coli observed when  inoculated onto  the  thin  film TiON‐2, which  suggests  there 
could be  some  leakage of  sub‐365nm UV  light  from  the  light  source  that  caused  the 
observed increase in photoactivity. Therefore, the petri dish lid was used to cover the 
moisture chamber in all light‐activation experiments. 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Figure 4.12 UV‐visible  light transmission trace of the petri dish  lid and the clingfilm 
covers. The wavelengths 280 nm and 400 nm are indicated by vertical dotted lines. 
 
4.3.6 Photocatalytic  antibacterial  activity  of  sulfur‐based  titanium  dioxide 
thin films 
The  photocatalytic  activity  of  a  series  of  novel  sulfur‐doped  thin  films was  assessed. 
The thin films were exposed to white light for 72 hours before a suspension of E. coli 
was added. The thin films were then re‐incubated under the white  light  for a  further 
24 hours before sampling. The photocatalytic activity of thin film S2 is shown in Figure 
4.13 where a significant decrease in bacterial recovery was observed (p < 0.01). A 2.5 
log10  cfu  /  sample  decrease was  observed  compared with  the  sulfur‐doped  thin  film 
incubated in the dark throughout the duration of the experiment. The overall decrease 
in  bacterial  recovery  when  compared  to  a  TiO2  thin  film  exposed  to  the  same  light 
conditions was 2.2 log10 cfu / sample, which remains statistically significant (p = 0.01). 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A large variation in bacterial recovery was observed when the thin film S2 was exposed 
to  the white  light  for  24  hours without  prior  activation,  ranging  from 6.2  log10  cfu  / 
sample  to  below  the  limit  of  detection,  with  an  average  recovery  of  4.1  log10  cfu  / 
sample,  indicating  that  the  activation  step  did  not  have  a  significant  effect  on  the 
photoactivity  of  the  S‐doped  thin  film.  No  statistically  significant  decrease  in  the 
recovery  of  E.  coli  was  observed  under  these  conditions,  when  the  thin  film  was 
exposed to the activating  light dose alone or when  incubated  in the absence of  light 
entirely. 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Figure  4.13  Effect  of  the  thin  film  S2  on  the  survival  of  E.  coli.  Thin  films  were 
exposed to white  light for 72 hours (A+),  the bacterial droplet was added then the 
sample was exposed a second  light exposure period of 24 hours (L+). Alternatively, 
thin films were exposed to  just the  latter  light dose (A‐L+),  the first  light dose only 
(A+L‐)  or  incubated  in  the  dark  throughout  (A‐L‐).  TiO2  controls  were  exposed  to 
either both light doses (Ti / A+L+) or neither (Ti / A‐L‐). 
 
The thin films S1 and S3 were less effective at reducing the E. coli bacterial load after 
exposure to the white light. There was no significant decrease in the recovery of E. coli 
from the surface of pre‐activated thin film S1 after the 24 hour exposure period (Figure 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4.14), compared with either the TiO2 control exposed to the same lighting conditions 
or  the  sulfur‐doped  thin  film  incubated  in  the  absence  of  light.  Similarly,  the  pre‐
activated thin film S3 did not produce a significant reductive effect in the recovery of E. 
coli  from  the  surface  of  the  thin  films  after  the  24  hour  exposure  period,  when 
compared with either the TiO2 control exposed to both light doses or the sulfur‐doped 
thin film not exposed to white light (Figure 4.15). However, an inconsistent effect was 
seen on the S3 thin films which were not pre‐exposed to the white light for 72 hours 
but  incubated  under  the  white  light  for  24  hours  after  addition  of  the  bacterial 
suspension.  This  result  was  not  reproducible,  demonstrated  in  the  box  and whisker 
plot by the large size of both the box and error bars. A 0.9 log10 cfu / sample reduction 
was  seen  compared with  the  thin  film  incubated  in  the  absence  of  light  (p  <  0.05). 
However, the median reduction was lower when compared with the TiO2 thin film (0.6 
log10  cfu  /  sample)  or  the  uncoated  glass  control  (0.1  log10  cfu  /  sample),  and  these 
reductions were not statistically significant. 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Figure  4.14  Effect  of  the  thin  film  S1  on  the  survival  of  E.  coli.  Thin  films  were 
exposed to white  light for 72 hours (A+),  the bacterial droplet was added then the 
sample was exposed a second  light exposure period of 24 hours (L+). Alternatively, 
thin films were exposed to  just the  latter  light dose (A‐L+),  the first  light dose only 
(A+L‐)  or  incubated  in  the  dark  throughout  (A‐L‐).  TiO2  controls  were  exposed  to 
either both light doses (Ti / A+L+) or neither (Ti / A‐L‐). 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Figure  4.15  Effect  of  the  thin  film  S3  on  the  survival  of  E.  coli.  Thin  films  were 
exposed to white  light for 72 hours (A+),  the bacterial droplet was added then the 
sample was exposed a second  light exposure period of 24 hours (L+). Alternatively, 
thin films were exposed to  just the  latter  light dose (A‐L+),  the first  light dose only 
(A+L‐)  or  incubated  in  the  dark  throughout  (A‐L‐).  TiO2  controls  were  exposed  to 
either both light doses (Ti / A+L+) or neither (Ti / A‐L‐). 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Table 4.1 Summary of the photocatalytic activity of the nitrogen and sulfur doped 
thin films assessed in this chapter. Thin films were exposed to white light for 24 or 72 
hours, for N‐doped and S‐doped samples, respectively. The bacterial droplet was 
added before the sample was exposed a second white light exposure period of 24 
hours. Bacterial counts obtained were compared with uncoated glass slides exposed 
to the same lighting conditions. 
Sample name 
White light‐induced 
photocatalytic activity / 
log10 cfu per sample 
Statistical significance 
TiON1  0.6   p <0.01 
TiON‐2  0.2   Nil (p >0.05) 
N1  2.5   p <0.001 
N2  1.1   Nil (p >0.05) 
N3  0.5   Nil (p >0.05) 
S1  No decrease  Nil (p >0.05) 
S2  1.7   p >0.001 
S3  No decrease  Nil (p >0.05) 
 
4.4 Discussion 
4.4.1 UV light‐induced photocatalytic activity 
The data presented in this chapter has demonstrated the antibacterial photoactivity of 
a number of novel doped TiO2 thin films, generated by APCVD. The thin films that were 
initially  assessed  were  doped  with  nitrogen  and  exposed  to  UV  light  in  order  to 
demonstrate equivalence with pure titania. The titanium (IV) oxynitride thin film TiON‐
1  demonstrated  greater  photoactivity  than  the N‐doped  thin  film  TiON‐2,  and  a  4.1 
log10 cfu / sample reduction was achieved on the pre‐activated titanium (IV) oxynitride 
sample after just 4 hours exposure to the light source. These results also show that the 
  162 
titanium (IV) oxynitride thin films demonstrated no anti‐bacterial activity without UV 
exposure  after  the  inoculation  of  the  bacterial  suspension;  therefore  the  mode  of 
action is unlikely to be related to the diffusion of ions onto the surface and is genuinely 
photo‐activated. 
4.4.2 White light‐induced photocatalytic activity 
The photocatalytic activity of the thin films was then assessed using white light as the 
activating light source. White light was used as an activating source light source as UV 
light  is  known  to  have  a  bactericidal  effect  (Vermeulen  et  al.,  2008)  and  the 
applications  of  the  resultant  thin  film  would  be  wider  using  a  lower  energy  light 
source.  Any  reduction  in  bacterial  count  observed  under  these  conditions  would 
indicate  a  shift  in  the  band  gap  of  the  material,  caused  by  the  doping  process, 
demonstrating that activation by  light of a  lower wavelength  is possible  (Dunnill and 
Parkin, 2009). A  reduction of up  to 4.9  log10  cfu  /  sample of E.  coli was observed on 
thin film TiON‐1 (Ti2.85O4N), but this was not consistent and the average reduction was 
just 0.6  log10  cfu  /  sample. However,  this does  provide a promising basis  for  further 
doping experiments. 
The  photocatalytic  activity  of  the  N‐doped  thin  films  N1,  N2  and  N3 were  assessed 
next,  using  white  light  as  the  activating  light  source.  Thin  film  N1  displayed  the 
greatest photocatalytic activity and a 2.5 log10 cfu / sample decrease in the recovery of 
E.  coli  was  observed  after  exposure  to  both  light  incubation  steps.  These  findings 
confirm  the  chemical  characterisation  tests  performed  on  these  samples  such  as 
photooxidation  of  stearic  acid  and  contact  angle measurements,  and  these  data  are 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published  elsewhere  (Dunnill  et  al.,  2009b;  2009c;  2010).  A  0.9  log10  cfu  /  sample 
decrease  was  observed  when  the  24  hour  activating  step  was  omitted,  which 
demonstrated  that  the  activation  step was  required  to  increase  the  photoactivity  of 
the  thin  films.  This  increase  in  activity  is  attributed  to  the  pre‐cleaning  effect  of  the 
treatment. The lack of activity on the thin films that had been activated but then not 
exposed to the second light step indicated the short lifetime of the reactive species on 
the  surface  of  the  thin  films  that  are  responsible  for  killing  the  bacterial  cells.  It  is 
unlikely  that  the  oxygen  radicals  generated  in  the  presence  of  light  survive  long 
enough to kill the bacteria that were applied after the activation step has ended, given 
that  singlet oxygen has a half  life of  just 1  µs  (Perni et al.,  2009a). The variability  in 
photocatalytic  activity  observed  on  the  N1,  N2  and  N3  thin  films,  which  were 
synthesised  on  the  same  sheet  of  float  glass,  demonstrates  the  inherent  lack  of 
reproducibility  in  the  composition  of  coatings  produced  using  this  deposition 
technique. 
The activity of the N‐doped thin film N1 was greater than that seen for the titanium 
(IV)  oxynitride  thin  film  TiON‐1.  The  two  thin  films  were  synthesised  with  different 
precursors;  the  N‐doped  thin  films  were  synthesised  using  t‐butylamine  as  the 
nitrogen source and ammonia was used for the titanium (IV) oxynitride thin films. The 
chosen  nitrogen  precursor  was  introduced  into  the  titanium  (IV)  chloride  and  ethyl 
acetate vapours at the point of entry to the deposition chamber, resulting in thermal 
decomposition of the nitrogen precursor on the surface of the glass substrate during 
formation of TiO2 (Dunnill and Parkin, 2009). Pre‐reaction complexes were more likely 
to form when ammonia was used as the nitrogen source rather than t‐butylamine, and 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these complexes can cause control line blockages, which can affect the concentration 
of  nitrogen  deposited  onto  the  surface  of  the  glass.  The  activity  of  the  thin  films  is 
dependent upon the concentration of nitrogen  in the TiO2 thin film (Irie et al., 2003), 
so  perhaps  the  greater  control  of  nitrogen  deposition  displayed  when  t‐butylamine 
was  used  as  the  nitrogen  precursor  conferred  the  increased  photocatalytic  activity 
observed. 
The  S‐doped  thin  film  S2  also  displayed  significant white  light  driven,  photocatalytic 
activity and a 2.2  log10  cfu  /sample decrease  in  the  recovery of E.  coli was observed 
after  a  24  hour  exposure  period. Once  again,  the microbiological  findings  confirmed 
the  initial chemical characterisation screening tests and the thin film with the fastest 
rate of stearic acid photodegradation demonstrated the most significant antibacterial 
activity  (Dunnill  et  al.,  2009a;  2010).  However,  the  N‐doped  thin  films  displayed 
greater photocatalytic activity than the S‐doped thin films even when the initial white 
light activation time was extended from 24 to 72 hours.  
Reports  in  the  literature  have  described  the  antibacterial  properties  of  white  light 
activated  N‐  and  S‐doped  thin  films,  but  direct  comparison  is  difficult  due  to 
differences  in  the  method  of  synthesis  used  (Asahi  et  al.,  2001;  Mills  et  al.,  2002; 
Diwald et al., 2004; Thompson and Yates, 2006). Indeed, the thin films described in this 
chapter are the first published thin films with  interstitial nitrogen‐ or sulphur‐doping, 
possessing white light activated antibacterial properties. N‐doped thin films have been 
shown  to  generate  a  greater  photocatalytic  effect  against  E.  coli  compared  with 
carbon‐doped  thin  films  (Wong  et  al.,  2006).  However,  the  reduction  in  bacterial 
recovery  was  minimal  (less  than  a  1  log10  reduction)  and  when  these  films  were 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characterised,  the  nitrogen  doping  was  shown  by  XPS  to  be  substitutional,  with  an 
ionisation  peak  at  396  eV  (Yang  et  al.,  2004),  in  contrast  to  the  interstitial‐doped 
nitrogen  described  in  this  chapter with  an  ionisation  peak  at  400  eV  (Dunnill  et  al., 
2009c). This does however demonstrate that nitrogen is a better choice of dopant than 
carbon  if  photocatalytic  properties  are  desired.  Titanium  oxide  doped  with  both 
nitrogen  and  carbon  was  shown  to  exhibit  enhanced  photocatalytic  properties  and 
reductions of more than 3 log10 cfu / mL were observed (Li et al., 2007), but a halogen 
bulb was  used  as  the  light  source which  has  a  higher  intensity  than  the white  light 
source used in this chapter and so a greater photocatalytic effect would be expected. 
Additionally, powders have a greater surface area per volume ratio than solids further 
boosting the predicted level of photocatalysis. 
The quantity of nitrogen present in the thin film is of paramount importance and some 
groups  show  high  levels  of  nitrogen  doping  can  result  in  the  production  of  poor 
photocatalysts  (Irie  et  al.,  2003),  whereas  other  groups  show  increased  levels  of 
photocatalysis  when  the  nitrogen  concentration  is  higher  (Li  et  al.,  2007).  When 
nitrogen  concentrations  are  higher,  less  TiO2  reduction  occurs,  and  there  are  more 
oxygen vacancies that act as recombination sites for positive holes and electrons, thus 
reducing  the  overall  photocatalytic  activity.  The  concentration  of  nitrogen  in  the  N‐
doped  thin  film  N1  was  0.13  at.%  and  reports  in  the  literature  surmise  that 
concentrations around 1 – 2 at.% is favourable, although the optimal level is still under 
debate (Irie et al., 2003; Dunnill et al., 2011). Conversely when TiO2 powder was doped 
with sulfur, increased levels of the dopant led to a higher level of photocatalysis and an 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increased bactericidal effect was observed against Micrococcus lylae (Yu et al., 2005). 
The optimal level of doping is therefore debatable. 
4.4.3 Limitations of the experimental work 
Problems were  experienced  in  synthesising  reproducible  thin  films  using  the  APCVD 
apparatus. The precursor gases used, namely titanium (IV) chloride and ethyl acetate, 
were chosen as they are used industrially in the production of TiO2‐based self‐cleaning 
glass, but the setup of the deposition chambers used in this project were different. In 
an  industrial  setting,  general  mass  flow  controllers  would  be  used  to  deliver  the 
reactants and the gas outlets would be stable with the glass sheets moving underneath 
the  float  at  500  ‐  600°C  (Dunnill  et  al.,  2009b).  These  conditions  result  in  a  more 
consistent reaction on the surface of the glass and a more homogenous coating which 
is  essential  for  a  commercial  product.  The  flow  rate  of  the  precursor  gases  are  also 
more  tightly  regulated  which  was  more  difficult  to  control  using  the  in‐house 
apparatus;  overall  this  meant  that  the  resultant  thin  films  varied  in  their  chemical 
composition,  with  differences  observed  between  batches  of  samples,  samples 
synthesised  during  the  same  run  and  even  on  different  areas  on  the  same  piece  of 
float glass.  For example,  the N‐doped samples N1, N2 and N3 were all  cut  from  the 
same piece of  float glass and yet displayed a  large variation  in photocatalytic activity 
against  E.  coli.  This  inconsistency  is  an  inherent  disadvantage  of  the  APCVD 
methodology and made it very difficult to assess the thin films microbiologically, as for 
accurate  assessment,  the  samples  should  at  least  be  identical  and  tested  at  least  in 
triplicate,  for  each  light  exposure  condition,  on  three  separate  occasions,  for  each 
bacterial species. 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As a result, the thin films were decontaminated after each microbiological assessment 
to enable re‐use. It was postulated that bacterial cells remaining on the surface of the 
thin films would be inactivated by the isopropanol and heat treatments, which would 
restore the thin films to their native state. It has been shown previously that there was 
no  residual  antimicrobial  effect  when  isopropanol  treatment  was  used  to 
decontaminate  thin  films  so  any  activity  observed  after  decontamination  can  be 
attributed  to  the  activity  of  the  coatings  alone  (Page,  2009).  However,  the 
photoactivity of the thin films decreased after each round of microbiological testing, so 
the decontamination regimen was amended so that a stage including exposure to UV 
light  was  incorporated.  Any  remaining  bacterial  cells  were  postulated  to  undergo 
photoinduced  oxidative  decomposition  (Section  1.3.3.3.3)  and  non‐bacterial  debris 
would also be degraded after the extended light exposure period. The thin films were 
then incubated in the dark for at least 48 hours so to allow oxygen in the air to react 
with the hydroxyl species to negate the activating effect of the UV light (O'Neill et al., 
2003). 
Amendment  of  the  decontamination  regimen  did  not  prevent  the  decrease  in 
antibacterial  activity  observed  on  the  thin  films  after  sequential  use  and  the  exact 
mechanism for this  loss  in photoactivity was not established. Bacterial cells were not 
present on the thin film after decontamination but a fluorescent smear was observed, 
which was not seen on the unused thin films. In‐depth microbiological assessment of 
these thin films was therefore not possible and an alternative, reproducible method of 
synthesis was sought, which will be explored in the following chapter. However, re‐use 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of the thin films did demonstrate the durability of the coatings, and the integrity of the 
coating was not compromised after repeated use and decontamination cycles. 
Another  limitation  of  the  test method was  the  choice  of media  used  to  recover  the 
bacterial strains  from the test surfaces. The selective medium, MacConkey, was used 
to  culture  E.  coli  because  round,  discrete  colonies  were  formed,  which  made 
enumeration  easier  to  perform  than  when  the  counts  were  performed  on  a  non‐
selective solid medium such as blood agar. However, bacteria recovered were likely to 
be subletally damaged by exposure to the photocatalytic effects of the thin films, and 
cultivation on selective media has been shown to inhibit the repair of these damaged 
strains  (Sandel  and  McKillip,  2004).  A  non‐selective  agar  overlay  could  have  been 
poured  over  the  selective  medium  after  inoculation  to  increase  the  recovery  of 
damaged cells (Sandel and McKillip, 2004). 
4.5 Conclusions 
Two sets of nitrogen based thin films were synthesised by chemical vapour deposition, 
namely  N‐doped  TiO2  and  titanium  oxynitride.  These  coatings  displayed  significant 
photocatalytic activity against E. coli after exposure to UV light and importantly a white 
light  source, which  demonstrates  a  shift  in  the  band  gap  from  the UV  to  the  visible 
region  of  the  electromagnetic  spectrum.  The N‐doped  thin  films  displayed  a  greater 
photocatalytic activity compared with the titanium (IV) oxynitride thin films. A series of 
sulfur‐doped  thin  films  were  synthesised  using  the  same  apparatus,  which  also 
displayed  significant  photocatalytic  activity  against  E.  coli  after  exposure  to  a white 
light  source.  The  N‐doped  thin  film  N1  displayed  the  greatest  photoactivity.  The 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reproducibility of the thin films synthesised using APCVD was poor and a decrease  in 
the  photocatalytic  activity  of  the  thin  films  was  observed  after  repeated  use.  An 
alternative method of deposition will be explored in the next chapter. 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5 Assessment  of  novel  sol‐gel  synthesised,  light‐activated 
antibacterial materials for use in the hospital environment 
5.1 Introduction 
In the previous chapter, a series of TiO2 based thin films were synthesised by chemical 
vapour deposition (APCVD), which displayed photocatalytic properties when exposed 
to visible light. The thin films were doped with either nitrogen or sulfur, which caused 
a  shift  in  the  band  gap  energy  of  the  coating  so  that  lower  energy  photons  of  light 
could  cause  excitation  of  electrons  from  the  valence  band  to  the  conduction  band, 
resulting in the production of reactive oxygen species that are toxic to bacteria. There 
were  however,  issues with  the  reproducibility  of  the  thin  films, which meant  it was 
difficult to synthesise a large number of films with identical compositions. In addition, 
the activity of the thin films decreased over time, so microbiological assessment of the 
used thin films generated results with a large variation. 
An alternative method of synthesis was therefore sought, and sol‐gel deposition was 
chosen. A large number of samples could be synthesised from the same homogenous 
sol, and there is little variation in the constitution of different batches of prepared sols, 
so  the  composition  of  the  resultant  films  are  easier  to  control.  However,  sol‐gel 
synthesised films are generally thicker, less mechanically robust and required sintering 
after coating to anneal the film to the substrate compared with APCVD generated thin 
films  (Brook  et  al.,  2007b).  Therefore,  the  synthesis  methodology  included  a  post‐
coating  annealing  step  and  the  thickness  and  robustness  of  the  thin  films  was  be 
examined to determine whether this was detrimental to the photocatalytic activity. 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Silver  ions  were  added  to  the  titania  base  layer  to  improve  the  photocatalytic  and 
photo‐activated antibacterial properties of titania. Silver has been used extensively in 
antibacterial materials because of  its intrinsic activity (Silver, 2003; Silver et al., 2006; 
Noimark  et  al.,  2009);  silver  ions  can  move  from  the  surface  of  the  antibacterial 
material, through the cell membrane of bacteria where they are able to elicit a potent 
toxic effect (Kawashita et al., 2000; Page, 2009; Page et al., 2009).  
5.2 Materials and methods 
5.2.1 Thin film synthesis 
The  thin  films  were  synthesised  using  sol‐gel  deposition  in  a  two‐step  process 
described in Section 2.10.2. The silver coated TiO2 thin films were denoted Ag‐TiO2 and 
TiO2  thin  films  and  uncoated  glass  microscope  slides  were  used  as  controls.  The 
adherence  of  the  TiO2  and  Ag‐TiO2  thin  films  to  the  glass  substrates  was  tested  by 
scratching with: (i) finger nails; (ii) a HB pencil; (iii) a 2H pencil; (iv) a steel scalpel (v) a 
diamond tip pencil and application and removal of scotch tape. The stability of the thin 
films were assessed by immersion in the following liquids for 2 hours: (i) methanol; (ii) 
acetone; (iii) distilled water; (iv) 2M HCl (v) 2M NaOH. 
5.2.2 Characterisation and functional assessment of the thin films 
Thin  films  of  TiO2  and  Ag‐TiO2  were  prepared  on  both  glass  and  quartz  substrates 
before characterisation using UV‐visible spectroscopy, as described  in Section 2.11.1. 
The  reflectance  data was  used  to  calculate  the  thickness  of  the  thin  films  using  the 
Swanepoel method and to estimate the band onset of the thin films using a Tauc plot. 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Further  methods  employed  to  characterise  the  thin  films  included  XRD,  Raman 
spectroscopy, AFM and XPS, as described in Dunnill et al., (2011). 
5.2.2.1 Contact angle measurements 
Water droplet contact angle measurements were taken of a droplet of deionised water 
inoculated  onto  both  the  Ag‐TiO2  and  TiO2  thin  films  and  uncoated  glass  control  as 
described in Section 2.11.2. Measurements were taken after: (i) incubation in the dark 
for 72 hours; (ii)  irradiation with the UV light source for 30 minutes (Section 2.4.2.1); 
(iii)  irradiation  with  the  filtered  white  light  source  for  30  minutes  (Section  2.4.1) 
(Instrument Glasses, 2000). 
5.2.2.2 Photo‐oxidation of stearic acid  
A  solution  of  stearic  acid was  inoculated  onto  both  the  thin  films  and  the  uncoated 
glass  control  slides  to  assess  the  rate  of  photo‐oxidisation,  as  described  in  Section 
2.11.3.  The  rate  of  photo‐activity  was  determined  after  exposure  to  three  lighting 
conditions:  (i) 254 nm UV  light  source  for up  to  72 hours  (Section 2.4.2.2);  (ii) white 
light source for 96 hours (Section 2.4.1); (iii) the same white light source with a filter 
attached that absorbed virtually all sub‐400 nm radiation (Instrument Glasses, 2000). 
5.2.3 Antibacterial assessment of the thin films 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of E. coli ATCC 25922 and EMRSA‐16 were prepared as detailed in Section 2.3, except a 
50  µL  bacterial  droplet  was  inoculated  onto  the  surface,  resulting  in  a  starting 
inoculum of approximately 5 x 105 cfu / sample. The effect of the photocatalytic thin 
films  on  the  viability  of  bacterial  strains  was  determined  using  the  methodology 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described  in  Section  2.12.2  and  Figure  2.2,  except  the  activation  step was  omitted. 
When required, a UV  light  filter was positioned 2.5 cm above the moisture chamber. 
The  Mann  Whitney  test  was  used  to  determine  the  statistical  significance  of  any 
differences observed, as described in Section 2.13. 
5.3 Results 
Thin films of Ag‐TiO2 and TiO2 were successfully synthesised using the sol‐gel method 
of deposition (Figure 5.1). Control thin films consisting of just silver nanoparticles were 
also produced, but these coatings were unstable, demonstrating the essential  role of 
the TiO2 under‐layer  for adherence of  the  silver nanoparticles  to  the glass  substrate. 
The  TiO2  and  Ag‐TiO2  thin  films  were  well  adhered  to  the  glass  substrates  after 
application and removal of scotch tape and were resistant to scratching by finger nails, 
a HB pencil, a 2H pencil and a steel scalpel. Both thin films were easily scratched with a 
diamond tip pencil. The thin films were stable after immersion in methanol, acetone, 
distilled water, or 2M HCl for 2 hours, but were dissolved in 2M NaOH. 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Figure 5.1 Photograph of the Ag‐TiO2 thin films. The purple coloured thin film (left) 
was stored in the dark and the orange coloured thin film (right) was irradiated with 
UV light to induce the colour change. 
 
The thin films were uniformly adhered to the glass microscope slides and were orange 
in colour and transparent when synthesised. After storage  in the dark for at  least 72 
hours, the thin films turned purple; reversion to the orange colour could be induced by 
irradiation with  UV  light  for  10 minutes  or  standard  indoor  lighting  conditions  for  1 
hour. The reversible photo‐induced colour change can be described using the following 
formula: 
Silver oxide (purple)        silver (orange) + oxygen 
To  confirm  this,  orange  and  purple  thin  films  were  placed  inside  separate  Schlenk 
flasks and the air was evacuated. The purple sample was irradiated with UV light in the 
created vacuum and turned orange. However, when the orange thin films were stored 
in  the  dark  for  72  hours,  the  orange  colour  remained,  indicating  that  oxygen  was 
hv + TiO2 
air 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required  for  the  backward  reaction  and  light  exposure was  needed  for  the  forward 
reaction. 
 
5.3.1 Characterisation and functional assessment of the thin films 
5.3.1.1 UV‐visible spectroscopy 
Thin films of Ag‐TiO2 and TiO2 were prepared using quartz as the underlying substrate 
in place of glass, as it allowed better measurement of the band onset using a Tauc plot, 
without the interference of the underlying glass band onset expected at about 3.3 eV. 
The UV‐visible‐IR spectroscopy results are displayed in Figure 5.2, and the Ag‐TiO2 and 
TiO2 are very  similar.  The Ag‐TiO2  thin  film showed a  small decrease  in  transmission 
due  to  silver  ions  on  the  surface  and  a  minimal  red  shift  compared  with  TiO2.  The 
uncoated quartz slide showed no features above 300 nm. 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Figure  5.2  Transmission  data  of  the  Ag‐TiO2  and  TiO2  thin  films  deposited  onto  a 
quartz substrate, obtained by UV‐visible‐IR spectrometry 
The thickness of the Ag‐TiO2 and TiO2 thin films were estimated at 211 nm and 196 nm 
respectively, using the Swanpoel method, which  indicated that addition of silver had 
little effect on the thickness of the thin films. The thickness of thin films synthesised 
from  the  same  sol,  can  vary  by  10  nm,  suggesting  that  the  difference  observed 
between the Ag‐TiO2 and TiO2 thin films was unsubstantial. 
The band onset of the Ag‐TiO2 and TiO2 thin films were estimated using the UV‐visible‐
IR data to produce Tauc plots (Figure 5.3). The incorporation of silver onto the surface 
of  the  TiO2  caused  a  shift  in  the  band onset  towards  lower  energy  radiation, with  a 
shift  from  3.2  eV  for  titania  to  2.9  eV  for  the  silver‐doped  titania.  This  indicates  an 
interaction between silver and the titania substrate causing a shift towards activation 
in the visible region of the spectrum. 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Figure 5.3 Tauc plots of the UV‐visible‐IR data taken for the (a) Ag‐TiO2 and (b) TiO2 
thin films prepared on quartz substrates. 
 
5.3.1.2 Contact angle measurements 
When  the  Ag‐TiO2  thin  film  was  exposed  to  UV  light,  the  water  contact  angle 
decreased from 60° to 8° as the surface became superhydrophilic (Table 5.1). A similar 
decrease in water contact angle was observed on the TiO2 thin film after exposure to 
UV light (64° to 8°). The water contact angle on the uncoated glass slide did not change 
after irradiation with UV light, although the initial reading was comparatively low. 
The samples were subsequently exposed to white light using the Optivex UV filter to 
eliminate  any  higher  energy  photons  of  light  and  the  UV‐visible  IR  spectrum  of  this 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filter  is displayed  in Figure 5.4, which  shows almost  zero  transmission of  light below 
400 nm. The decrease in water contact angle on the Ag‐TiO2 thin film was the same as 
that observed after UV  irradiation (Table 5.1). The filtered white  light source did not 
have an effect on the TiO2 thin film and there was no substantial change in the water 
contact angle. These results clearly demonstrate the visible light‐induced hydrophilicity 
of the Ag‐TiO2 thin films. 
Table 5.1 The water contact angles of the Ag‐TiO2 thin films and the control samples. 
Measurements are accurate to ±2° 
Sample name  Light source  Water contact angle 
Uncoated glass slide  None  25(2)° 
  UV  24(2)° 
TiO2  None  64(2)° 
  UV  8(2)° 
  Filtered white light  60(2)° 
Ag‐TiO2  None  60(2)° 
  UV  8(2)° 
  Filtered white light  8(2)° 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Figure  5.4  UV‐Vis  spectrum  for  the  Optivex™  UV  filter  showing  the  cut‐off  for 
radiation below 400 nm in wavelength. 
 
5.3.1.3 Photo‐oxidation of stearic acid 
The effect of the  light sources on the concentration of stearic acid on the surface of 
the uncoated glass slide  is  illustrated  in Figure 5.5a, Figure 5.6a and Figure 5.7a. The 
heights of the lines on the graph represent time with the highest peaks corresponding 
to  the  shortest  irradiation  time. The uncoated glass  slides did not  show any  signs of 
photo‐activity after exposure to any of the three lighting conditions and there was no 
appreciable decrease  in  the  concentration of  stearic acid  detected on  the  surface of 
the  samples  after  the  exposure  periods.  Significant  destruction  of  stearic  acid  was 
demonstrated on the TiO2 and Ag‐TiO2 thin films after exposure to the 254 nm UV light 
source (Figure 5.5b and Figure 5.5c) and after 29 hours the peaks had disappeared. The 
rate of stearic acid destruction for both the TiO2 and Ag‐TiO2 thin films was calculated 
to be approximately 1.1 x 1014 molecules / cm2 per hour, based upon the assumption 
that 1 unit of integration between 2700 and 3000 / cm equated to approximately 9.7 x 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1015 molecules / cm2 (Mills and Wang, 2006). Therefore, silver doping did not have an 
effect on the photo‐oxidisation of stearic acid after irradiation with UV light. 
When the white light was used as the irradiation source, a significant decrease in the 
stearic acid  concentration was demonstrated on  the Ag‐TiO2  thin  films  (Figure 5.6c), 
whereas a minimal  reduction was observed on  the TiO2  thin  films  (Figure 5.6b). The 
rate of stearic acid destruction for the TiO2 and Ag‐TiO2 thin films were calculated to 
be  approximately  1.6  x  1014  and  4.2  x  1014,  respectively  (Table  5.2).  However,  TiO2 
should not display any photo‐activity after irradiation with the white  light source and 
activation should only occur after exposure to wavelengths of light below 385 nm, as 
the band onset of TiO2  is 3.2 eV. Therefore,  the Optivex™ UV filter was fitted to the 
light  box  to  eliminate  any  higher  energy  photons  of  light.  The  photo‐oxidation  of 
stearic  acid  on  the  TiO2  thin  film  was  seriously  compromised  and  only  a  negligible 
change in the concentration of the compound was observed (Figure 5.7b). In contrast, 
the photocatalytic activity was retained on the Ag‐TiO2 thin films (Figure 5.7c), which 
was  shown  to  be  200  times more  effective  at  destroying  stearic  acid  than  the  TiO2 
control (Table 5.2). This is the first unequivocal evidence of visible light photocatalytic 
destruction of stearic acid (Dunnill et al., 2011). 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Figure 5.5 IR absorption data displaying the photo‐oxidation of stearic acid molecules 
on  the  surface  of  the  three materials  over  72  hours  using  a  254  nm  light  source, 
where: a) uncoated glass slide; b) TiO2 and c) Ag‐TiO2. Line times are shown in order 
of  height  on  the  graph  and  in  all  cases,  the  area  under  the  curve  indicates  the 
amount of stearic acid remaining on the surface. 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Figure 5.6 IR absorption data showing the photo‐oxidation of stearic acid molecules 
on the surface of the three materials over 96 hours using a white light source where: 
a)  uncoated  glass  slide;  b)  TiO2  and  c)  Ag‐TiO2.  Line  times  are  shown  in  order  of 
height on the graph and in all cases, the area under the curve indicates the amount 
of stearic acid remaining on the surface. 
a 
b 
c 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Figure  5.7  Raw data  showing  the  photo‐oxidation of  stearic  acid molecules  on  the 
surface  of  the  three  samples  over  500  hours  using  a  white  light  source  and  the 
Optivex™   UV  filter  where:  (a)  uncoated  glass  slide;  (b)  TiO2  and  (c)  Ag‐TiO2.  Line 
times  are  shown  in  order  of  height  and  in  all  cases,  the  area  under  the  curve 
indicates the amount of stearic acid remaining on the surface. 
 
a 
b 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Table 5.2 The number of molecules of stearic acid photo‐oxidised during irradiation 
by the different light sources. Rates are given as molecules / cm2 per hour. Exposure 
times to the UV, white light and filtered white light were 29 hours, 96 hours and 500 
hours respectively. 
TiO2  Ag‐TiO2 
Light source  Molecules 
oxidised 
Rate 
Molecules 
oxidised 
Rate 
UV – 254 nm  3.32 x 1016  1.14 x 1015  3.30 x 1016  1.14 x 1015 
White light  1.49 x 1016  1.55 x 1014  4.05 x 1016  4.22 x 1014 
Filtered white light  1.49 x 1016  2.99 x 1011  3.12 x 1016  6.25 x 1013 
 
 
5.3.2 Antibacterial activity against E. coli ATCC 25922 
The antibacterial  activity of  the  thin  films was assessed against E. coli. After 2 hours 
irradiation with white light, a 0.9 log10 cfu / sample decrease was observed, compared 
with both  the  uncoated  controls and  the TiO2  controls exposed  to  the  same  lighting 
conditions  (Figure 5.8).  The decrease  in bacterial  recovery was much greater after 6 
hours  irradiation with  the white  light  source; E.  coli was not  recovered  from  the Ag‐
TiO2 thin films after the 6 hour exposure period on any of the experimental repeats. 
This reduction corresponds to a 4.8  log10 cfu / sample decrease in bacterial recovery, 
compared with the glass controls exposed to the same lighting conditions (p < 0.001). 
The decrease in recovery was slightly less when compared to the TiO2 thin films, but a 
statistically  significant  4.4  log10  cfu  /  sample  decrease was  still  achieved  (p  <  0.001). 
However,  E.  coli  could  not  be  recovered  from  the  Ag‐TiO2  thin  films  which  were 
incubated  in  the dark  for  the 6  hour  incubation  period,  indicating  that  the observed 
antibacterial activity observed was not light‐dependent. 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Figure 5.8  Effect of  the  thin  film Ag‐TiO2 on  the  survival of E.  coli.  Thin  films were 
irradiated with white light (L+) or incubated in the dark for 2 hours (L‐). The uncoated 
glass slides, TiO2 and Ag‐TiO2 are represented by ‘Un’, ‘Ti’ and ‘Ag’, respectively. 
 
 
Figure 5.9  Effect of  the  thin  film Ag‐TiO2 on  the  survival of E.  coli.  Thin  films were 
irradiated with white light (L+) or incubated in the dark for 6 hours (L‐). The uncoated 
glass slides, TiO2 and Ag‐TiO2 are represented by ‘Un’, ‘Ti’ and ‘Ag’, respectively. 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The antibacterial activity of the Ag‐TiO2 thin films was further assessed, the exposure 
period was extended to 12 hours and once again, it was not possible to recover E. coli 
from the Ag‐TiO2 thin films after the incubation time, and this effect was independent 
of  light  exposure  (Figure  5.10).  Interestingly,  the  activity  of  the  TiO2  thin  films 
increased with extended exposure to white light and a 2.4 log10 cfu / sample decrease 
in bacterial  recovery was observed,  compared with  the glass  control exposed  to  the 
same lighting conditions. This finding supports the results from the functional testing, 
which demonstrated photo‐oxidation of stearic acid after exposure to this white light 
source. Therefore, the Optivex™ UV filter was placed above the moisture chamber to 
eliminate the UV component of the white light source. The antibacterial activity of the 
TiO2 thin films was eliminated (Figure 5.11);  the  reduction observed on the TiO2 thin 
films was negligible  (0.02  log10 cfu / sample decrease). The  light‐independent activity 
of  the  Ag‐TiO2  thin  films  was  retained  and  the  decrease  in  bacterial  recovery  was 
maintained  at  4.9  log10  cfu  /  sample  on  the  Ag‐TiO2  thin  films,  in  the  presence  and 
absence of filtered light. 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Figure 5.10 Effect of the thin film Ag‐TiO2 on the survival of E. coli. Thin films were 
irradiated  with  white  light  (L+)  or  incubated  in  the  dark  for  12  hours  (L‐).  The 
uncoated  glass  slide,  TiO2  and  Ag‐TiO2  are  represented  by  ‘Un’,  ‘Ti’  and  ‘Ag’, 
respectively. 
 
 
Figure 5.11 Effect of the thin film Ag‐TiO2 on the survival of E. coli. Thin films were 
irradiated with white light filtered with the Optivex™ glass (L+) or, incubated in the 
dark for 12 hours (L‐). The uncoated glass slide, TiO2 and Ag‐TiO2 are represented by 
‘Un’, ‘Ti’ and ‘Ag’, respectively. 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The  antibacterial  activity  of  the Ag‐TiO2  thin  films were  further  determined  after  18 
hours  exposure  to  the white  light  source.  The  light‐independent  activity  of  the  thin 
films was maintained and a 4.6  log10 cfu  / sample decrease  in the recovery of E. coli 
was  observed,  compared  with  the  glass  controls  exposed  to  the  same  lighting 
conditions  (p  < 0.001). No  re‐growth of E.  coli was observed on either  the  thin  films 
incubated  in  the  presence  or  absence  of  light,  indicating  a  sustained  antibacterial 
effect.  A minimal  decrease  in  the  recovery  of E.  coli was  observed  on  the  TiO2  thin 
films after the 18 hour incubation period (0.3 log10 cfu / sample), which paradoxically 
was much less than that seen after 12 hours. This difference was however, statistically 
significant (p < 0.01). The white light alone did not have an effect on the survival of E. 
coli on the uncoated control slides, and no significant difference in bacterial recovery 
was observed on these samples, after incubation in the presence or absence of white 
light, which implies that the photo‐activity observed on the TiO2 thin films was not due 
to the effect of the white light source alone. 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Figure 5.12 Effect of the thin film Ag‐TiO2 on the survival of E. coli. Thin films were 
irradiated  with  white  light  (L+)  or  incubated  in  the  dark  for  18  hours  (L‐).  The 
uncoated  glass  slide,  TiO2  and  Ag‐TiO2  are  represented  by  ‘Un’,  ‘Ti’  and  ‘Ag’, 
respectively. 
 
5.3.3 Antibacterial activity against EMRSA16 
The antibacterial activity of the thin films was assessed against EMRSA‐16. A 0.3 log10 
cfu  /  sample  decrease  in  the  recovery  of  EMRSA‐16  was  observed  after  6  hours 
irradiation  with  white  light  (Figure  5.13),  compared  with  the  uncoated  glass  slides 
exposed to the same lighting conditions, which did not reach statistical significance. 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Figure  5.13  Effect  of  the  thin  film Ag‐TiO2  on  the  survival  of  EMRSA‐16.  Thin  films 
were  irradiated with white  light  (L+) or  incubated  in  the dark  for 6 hours  (L‐).  The 
uncoated  glass  slide,  TiO2  and  Ag‐TiO2  are  represented  by  ‘Un’,  ‘Ti’  and  ‘Ag’, 
respectively. 
 
The Ag‐TiO2 thin films were subsequently exposed to 12 hours white  light, and a 2.6 
log10  cfu  /  sample  decrease  in  the  recovery  of  EMRSA‐16  was  observed  (p  <0.01), 
compared with  the  uncoated  glass  slides  (Figure  5.14). Negligible  photo‐activity was 
observed on the TiO2 thin films and there was an  insignificant difference observed  in 
the  recovery  from  the  irradiated  TiO2  thin  films  compared  to  those  incubated  in  the 
dark  (0.2  log10  cfu  /  sample decrease).  The antibacterial effect appeared  to  be  light‐
dependent and there was a 2.3 log10 cfu / sample difference in the recovery of EMRSA‐
16  from  the  irradiated  Ag‐TiO2  thin  films  compared with  the  non‐irradiated  Ag‐TiO2 
thin films (p <0.01) and a 2.6 log10 cfu / sample difference in the recovery of EMRSA‐16 
from the uncoated irradiated samples (p <0.001). 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Figure  5.14  Effect  of  the  thin  film Ag‐TiO2  on  the  survival  of  EMRSA‐16.  Thin  films 
were  irradiated with white  light  (L+) or  incubated  in the dark for 12 hours (L‐). The 
uncoated  glass  slide,  TiO2  and  Ag‐TiO2  are  represented  by  ‘Un’,  ‘Ti’  and  ‘Ag’, 
respectively. 
 
The experiment was repeated with the Optivex™ UV filter in situ to eliminate any stray 
photons  of  sub  400  nm  light,  and  the  antibacterial  activity  of  the Ag‐TiO2  thin  films 
decreased (Figure 5.15). A 1.1 log10 cfu / sample reduction in the recovery of EMRSA‐
16  was  observed,  compared  with  the  uncoated  sample  irradiated  with  the  same 
filtered light source (p < 0.001). The minimal photo‐activity observed on the TiO2 thin 
films  in  the  presence  of  unfiltered white  light  was maintained  and  a  0.2  log10  cfu  / 
sample decrease was detected, compared with the uncoated samples  irradiated with 
filtered white light. This difference was not statistically significant (p > 0.05). 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Figure  5.15  Effect  of  the  thin  film Ag‐TiO2  on  the  survival  of  EMRSA‐16.  Thin  films 
were irradiated with white light filtered with the Optivex™ glass (L+) or incubated in 
the  dark  for  12  hours  (L‐).  The  uncoated  glass  slides,  TiO2  and  Ag‐TiO2  are 
represented by ‘Un’, ‘Ti’ and ‘Ag’, respectively. 
 
The Ag‐TiO2 thin films were subsequently irradiated with white light for 18 hours and 
the results are shown in Figure 5.16. A 3.4 log10 cfu / sample reduction in the recovery 
of  EMRSA‐16 was  observed,  compared with  the  glass  controls  exposed  to  the  same 
lighting  conditions  (p  <  0.001).  The  light‐dependent  activity  of  the  thin  films  was 
sustained and a 2.9 log10 cfu / sample decrease in bacterial recovery was observed on 
the  irradiated  Ag‐TiO2  thin  films  compared  with  those  incubated  in  the  dark  (p  < 
0.001).  However,  significant  photo‐activity  was  detected  on  the  TiO2  thin  films, 
although this effect was extremely inconsistent, as indicated on the graph by the large 
error bars and was also less statistically significant (p < 0.05). A 3.4 log10 cfu / sample 
decrease  in  the  recovery  of  EMRSA‐16 was  observed,  compared with  the  uncoated 
glass controls exposed to the same lighting conditions. No activity was detected on the 
TiO2 thin films  incubated  in the dark,  indicating that the activity was  light dependent 
and could once again be due to the UV component of the white light source. 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Figure  5.16  Effect  of  the  thin  film Ag‐TiO2  on  the  survival  of  EMRSA‐16.  Thin  films 
were  irradiated with white  light  (L+) or  incubated  in the dark for 18 hours (L‐). The 
uncoated  glass  slides,  TiO2  and  Ag‐TiO2  are  represented  by  ‘Un’,  ‘Ti’  and  ‘Ag’, 
respectively. 
 
Therefore,  the  Optivex™  filter  added  and  the  samples  were  irradiated  with  filtered 
white  light  (Figure  5.17).  The  antibacterial  activity  of  the  Ag‐TiO2  thin  films  was 
retained  but  at  a  reduced  rate;  the  average  decrease  in  bacterial  recovery  dropped 
from 3.4  log10 cfu / sample to 2.3  log10 cfu / sample using the unfiltered and filtered 
white light sources, respectively. This result mirrors that seen after 12 hours irradiation 
with  the  filtered  light  source and  remained highly  statistically  significant  (p < 0.001). 
The light dependent activity of the Ag‐TiO2 thin films was also replicated and 1.4 log10 
cfu  /  sample  decrease  in  bacteria was  observed  on  the  irradiated Ag‐TiO2  thin  films 
compared with those incubated in the dark (p < 0.05), but again this reduction was less 
than that observed when the unfiltered light source was used. 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Figure  5.17  Effect  of  the  thin  film Ag‐TiO2  on  the  survival  of  EMRSA‐16.  Thin  films 
were irradiated with white light filtered with the Optivex™ glass (L+) or incubated in 
the dark for 18 hours (L‐). The uncoated glass slide, TiO2 and Ag‐TiO2 are represented 
by ‘Un’, ‘Ti’ and ‘Ag’, respectively. 
 
The most surprising result was the retained photo‐activity of the TiO2 thin films (Figure 
5.17);  the  photo‐activity  was  reduced  when  filtered  white  light  was  used  as  the 
irradiation source, but a statistically significant 3.1 log10 cfu / sample decrease in viable 
bacteria was still observed (p < 0.01), which was a greater decrease than that seen on 
the Ag‐TiO2 thin films. A wide range of bacterial  recovery was observed, indicated by 
the  large  box  on  the  graph;  on  occasion,  no  bacteria  were  recovered  at  all,  and  on 
other experimental replicates, the number of colonies present equalled that observed 
from  the  control  samples  incubated  in  the  dark.  The  bacterial  recovery  from  the 
control  samples  Ag‐TiO2  and  TiO2,  which  were  incubated  in  the  dark,  was  also 
significantly  lower  than  the uncoated glass  samples  incubated  in  the dark  (p < 0.01). 
Furthermore,  the  values  obtained  from  the  TiO2  thin  film  incubated  in  the  dark was 
significantly  lower  than  that  obtained  in  the  previous  18  hour  experiment  (Figure 
5.16). 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5.4 Discussion 
Silver has been shown both  in this chapter and  in the  literature,  to  improve titanium 
dioxide  photo‐activity  and  this  is  achieved  through  three  mechanisms.  The  first 
involves reduction of silver ions to silver by photo‐excited electrons. The electrons are 
further attracted to silver particles in the following reaction, where the silver particles 
act as electron traps (Herrmann et al., 1997; He et al., 2002; Brook et al., 2007b): 
(Ag) + e‐     e‐Ag 
The  electrons  move  to  the  interior  of  the  thin  film  and  the  holes  move  to  the 
interfacial  region,  which  enhances  their  separation  and  inhibits  electron‐hole 
recombination.  The  photo‐generated  holes  then  react  with  surface  hydroxyl  groups 
and  water  to  form  hydroxyl  radicals  and  other  reactive  species,  which  possess 
antibacterial  activity  (Sclafani  et  al.,  1991;  Herrmann  et  al.,  1997;  Stathatos  et  al., 
2001;  He  et  al.,  2002).  Secondly,  the  electric  field  around  the  silver  particles  is 
increased  by  surface  plasmon  resonance  effects,  which  further  enhance  photo‐
excitation of the electrons and electron‐hole separation (Zhao et al., 1996). Finally, the 
surface  roughness  of  the  titanium dioxide  thin  film  changes  upon  silver  addition,  so 
that  the  titanium  dioxide  particle  size  in  the  resultant  thin  films  is  smaller,  which 
exposes  a  greater  surface  area  available  for  photo‐reaction, which  further  increases 
photo‐activity (Herrmann et al., 1997; He et al., 2002; Martinez‐Gutierrez et al., 2010). 
Therefore  the properties of a photocatalyst  can  be adapted by  reducing  the particle 
size, to couple the intrinsic band onset properties to allow lower energy photocatalysis 
(Herrmann et al., 1997; He et al., 2002; Dunnill et al., 2011). 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5.4.1 Synthesis of the silver‐doped titania thin films 
Analogous to nitrogen and sulfur doping of titania, the silver concentration  is critical, 
and  a  decrease  in  the  photo‐activity  of  the  thin  films  will  occur  if  the  silver 
concentration exceeds an optimum level (Sclafani et al., 1991; Dobosz and Sobczynski, 
2003;  Brook  et  al.,  2007b).  This  is  due  to  the  ‘screening  effect’  where  the  silver 
deposited on the surface of the thin film masks the photo‐reactive sites so that they 
are  inaccessible  for  interaction  with  photons  (Dobosz  and  Sobczynski,  2003).  In 
addition, the negatively charged silver particles on the thin film could attract the holes 
before any interaction with water, which would decrease the concentration of reactive 
oxygen species generated and the observed photo‐activity (He et al., 2002). 
Sol‐gel deposition was used to synthesise the thin films  in this chapter  in contrast to 
APCVD, which was used  to generate  the  thin  films assessed  in  the previous  chapter. 
APCVD  was  initially  chosen  as  a  deposition  method,  as  the  resultant  coatings  are 
transparent, robust and strongly adhered to the  substrate. Sol‐gel  films are generally 
thicker,  less  mechanically  robust  and  require  sintering  after  coating  to  anneal  the 
coating  to  the  substrate  (Brook  et  al.,  2007b).  A  post‐coating  annealing  step  was 
included in the sol‐gel method of synthesis so the thin films generated in this chapter 
were  well  adhered  to  the  substrate  and  as  mechanically  stable  as  the  APCVD 
generated thin films. 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5.4.2 Characterisation and  functional assessment of  the silver‐doped titania 
thin films 
The  silver‐coated  titania  thin  films  exhibited  photo‐chromic  behaviour,  which  was 
caused by a change in the oxidation state of the silver nanoparticles from silver oxide 
to metallic silver (Ohko et al., 2003; Paramasivam et al., 2007; Gunawan et al., 2009). 
Both UV and visible light were able to induce the more coloured orange metallic state, 
and  the  less  coloured  purple  oxide  state  occurred  after  storage  in  the  dark.  Excited 
electrons generated during  light exposure photo‐reacted with  the  silver  ions present 
within the purple film, and the films turned orange as the silver oxide was reduced to 
silver metal (Ohtani et al., 1987). When the films were subsequently stored in the dark 
in the presence of air, the photo‐reduced silver was oxidised forming silver oxide and 
the  films  reverted  to  the  purple  colour  due  to  a  decrease  in  light  absorbance 
(Paramasivam et al., 2007). These changes are caused by surface plasmon resonance 
effects,  which  in  turn  are  influenced  by  the  nanoparticle  size,  shape  and  the  local 
refractive index (Jin et al., 2001; Mock et al., 2002; Ohko et al., 2003; Gunawan et al., 
2009). 
The band onset of the silver‐coated titania thin films had shifted to 2.9 eV, towards the 
visible  region of  the electromagnetic  spectrum, which  in  the absence of particle  size 
modification,  indicated  doping  of  silver  nanoparticles  within  the  titanium  dioxide 
structure. We had previously shown that doping titania thin films with either nitrogen 
or sulfur caused a shift in the band onset to 2.9 eV and 3.0 eV, respectively, indicating 
that these thin films would make better white light photocatalysts than titania alone. A 
lower band onset from silver‐doped titania samples has been reported; a band onset 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of  2.6  eV  was  estimated  by  Medina‐Ramirez  et  al.,  (2011),  although  these  were 
nanoparticulate composites and not thin films. The observed shift towards the visible 
spectrum  could  also  be  partly  due  to  mixing  of  the  band  onsets  silver  oxide  at 
approximately 1 eV for AgO and 1.4 eV for Ag2O (Ida et al., 2008; Raju et al., 2009). 
The water contact angle of the thin  films was measured to determine any change  in 
the  hydrophilicity  of  the  surface  after  irradiation  with  the  different  light  sources. 
Superhydrophilicity  occurs  after  photo‐oxidation  of  hydrocarbons  adsorbed  onto  the 
substrate,  which  results  in  the  production  of  a  hydroxylated  surface  (Zubkov  et  al., 
2005).  Predictably,  the water  contact  angle  of  the  titania  thin  films  decreased  after 
irradiation  with  the  UV  light  source  (Mills  and  LeHunte,  1997;  Parkin  and  Palgrave, 
2005) and the water contact angle of the silver coated titania thin films also decreased 
by a similar amount. The addition of silver nanoparticles to the surface of the titania 
thin film was predicted to result  in an alteration of the hydrophilicity of the thin film 
prior  to  light  exposure,  as  the  surface  roughness  of  the  thin  film  had  changed  and 
larger contact angles are usually found on rougher surfaces, (Wenzel, 1936; Cassie and 
Baxter,  1944),  but  these  data  show  this  effect  is  insignificant  even  though  silver 
coverage of the surface reached 64% (Dunnill et al., 2011). Irradiation with UV light did 
not have an effect on  the water  contact angle on  the uncoated glass  slide, although 
the water contact angle on the slide was initially low. The expected contact angle on a 
glass surface is approximately 70°, and the low reading observed in these experiments 
indicated that the glass substrate was in a very clean condition (Zubkov et al., 2005). 
The visible light‐induced hydrophilicity of the thin films was determined by irradiation 
with white light filtered with a sheet of Optivex glass, to eliminate any stray higher 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energy  photons  of  light  with  a wavelength  of  less  than  400  nm.  The water  contact 
angle  on  the  silver‐coated  titania  thin  film  decreased  to  the  same  degree  as  that 
observed  after  UV  irradiation.  In  contrast,  no  change  in  water  contact  angle  was 
observed on the titania thin films. This  clearly demonstrates the visible‐light  induced 
nature of the silver coated titania thin films. 
The  photo‐oxidisation  of  stearic  acid  has  been  used  extensively  in  the  literature  to 
indicate  the  photocatalytic  activity  of  novel  thin  films  and  estimate  their  potential 
antibacterial  activity  (Mills  et  al.,  2002;  Mills  and Wang,  2006;  Brook  et  al.,  2007a; 
2007b; Page et al., 2007). The rate of stearic acid degradation was calculated for the N‐
doped and S‐doped thin films assessed  in the previous chapter after exposure to the 
white  light  source.  The  N‐doped  sample  (N1)  displayed  a  rate  of  destruction  of 
approximately  1.4  x  1014  molecules  /  cm2  per  hour  and  the  S‐doped  sample  (S2) 
demonstrated  a  similar  rate  of  1.1  x  1014  molecules  /  cm2  per  hour  (Dunnill  et  al., 
2010). The silver‐coated titania thin films generated in this chapter demonstrated rate 
of  destruction  of  approximately  4.2  x  1014 molecules  /  cm2  per  hour, which  is  three 
times more efficient than the N‐doped and S‐doped thin films and twice as efficient as 
the titanium dioxide thin films. This implies that surface silver doping does not induce 
as much  electron‐hole  recombination  as  that  observed  in  the N‐doped  and  S‐doped 
titania, which results in improved photocatalysis. 
The  anatase  titanium  dioxide  thin  film  should  not  exhibit  any  photo‐activity  after 
irradiation with the white light source, and activation should only occur after exposure 
to wavelengths of light below 385 nm as the band onset of titanium dioxide is 3.2 eV. 
The  photo‐activity  observed  suggests  that  there was  light  of  an  increased  frequency 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emitted  from  the  white  light  source.  The  emission  spectrum  for  the  light  source  is 
shown  in  Figure  2.1  and  no  emission  is  detectable  below  410  nm;  however,  the 
spectrum starts at 380 nm,  so  the profile at  lower wavelengths  is not known. White 
light  sources,  such as  the  fluorescent  lamp used  in  these experiments,  can  leak very 
small  amounts  of  higher  energy  photons  of  light  as  they  age  due  to  the  release  of 
phosphor  from  the  inside  of  the  fluorescent  tubing,  which  could  explain  the  photo‐
activity generated on the titanium dioxide thin film. 
The Optivex UV filter was employed once more and the photo‐activity of the silver‐
coated titania thin  films was retained, and the photo‐activity of the titania thin films 
was  terminated.  This  demonstrated  the  true  visible  light  driven  photo‐oxidation  of 
stearic acid on the silver‐coated titania thin films. The rate of stearic acid degradation 
was slower when the UV filter was employed, partly because the intensity of the white 
light was reduced, as only around 80% of emitted  light was able to transmit through 
the  glass  shield  and  partly  due  to  the  loss  of  the  UV  part  of  the  electromagnetic 
spectrum. 
5.4.3 Antibacterial activity of the silver‐doped titania thin films 
The antibacterial properties of the silver‐coated titania thin films were assessed using 
E.  coli and  EMRSA‐16 as  representative  strains. Gram‐negative  strains  such as E.  coli 
have been demonstrated to be more difficult to kill using light‐activated antimicrobial 
coatings than Gram‐positive strains such as MRSA (Decraene et al., 2006; Page et al., 
2009).  However,  in  these  experiments  E.  coli  was  eradicated  from  the  silver‐coated 
titania thin films at a quicker rate than EMRSA‐16. A reduction in the recovery of E. coli 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from the silver‐coated titania thin films was observed after just 2 hours, and no viable 
bacteria could be recovered from the samples after 6 hours incubation. However, the 
observed antibacterial effect was independent of light exposure as a similar reduction 
in  bacterial  recovery  was  observed  on  the  silver‐coated  titania  incubated  in  the 
absence of light, which illustrates the activity was due to the toxicity of the silver ions 
rather than a light induced effect, which has been demonstrated in the literature (Feng 
et al., 2000; Kim et al., 2007; Jung et al., 2008). The increased susceptibility of Gram‐
negative  bacteria  to  the  silver  containing  thin  film was  postulated  to  be  due  to  the 
thinner peptidoglycan layer in the cell membrane, which allows increased uptake into 
the  interior  of  the  bacterial  cell  (Schierholz  et  al.,  1998).  Conversely,  Kowal  et  al., 
(2011)  showed  a  greater  susceptibility  of  MSSA  and  MRSA  to  silver‐doped  titania 
nanopowders compared with E. coli. 
EMRSA‐16  has  been  responsible  for  a  significant  proportion  of  the  healthcare‐
associated cases of MRSA bacteraemia over the last decade and was shown in Chapter 
3 to be a light tolerant strain of MRSA (Johnson et al., 2001; Ellington et al., 2010). The 
antibacterial  activity  of  the  silver‐coated  titania  thin  films  increased with  prolonged 
exposure to white light, with the largest reduction in bacterial recovery observed after 
18  hours  irradiation.  Enhancement  of  the  photocatalytic  properties  of  the  light‐
activated surface by the silver particles and the enhancement of the toxic properties of 
the silver by titania was observed on the silver‐coated titania, which demonstrated a 
synergistic relationship between the two components of the thin film. This effect was 
much greater than that observed when the silver‐coated titania  films were incubated 
in the absence of light, or when either the titania or uncoated samples were irradiated 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with  white  light.  The  silver  ions  alone  appeared  to  have  an  effect  on  EMRSA‐16, 
especially  after  a  prolonged  incubation  time,  but  this  was  less  significant  than  the 
effect  seen after  light exposure. The  lack  of activity observed on  the uncoated glass 
slides demonstrated that the white light source did not have an inhibitory effect on the 
viability  of  EMRSA‐16.  The  lack  of  activity  observed  on  the  titania  thin  film  in  the 
presence of 6 or 12 hours white  light  indicated that the UV component of the white 
light source was not sufficient to photo‐activate the titania films. However, this pattern 
was not maintained and a significant difference in the recovery of EMRSA‐16 from the 
irradiated TiO2 thin films was observed, compared with the uncoated glass slides after 
18 hours. This effect was not eliminated when the Optivex™ UV filter was applied. The 
significant decrease in recovery of EMRSA‐16 observed on the TiO2 thin film incubated 
in the dark suggests that a light‐independent mechanism of action was involved. 
It  is  possible  to  conclude  that  the  photo‐induced  destruction  was  due  to  reactive 
oxygen produced by titania, driven by white light photocatalysis, induced by the silver. 
These  effects  did  not  occur  in  the  absence  of  white  light  or  silver.  An  alternative 
explanation could  involve photo‐assisted  release of  silver  ions  from  the  silver‐coated 
titania, which in turn caused the antibacterial effect. 
A major  limitation  of  the  experiments was  that  the  test  conditions were  laboratory‐
controlled and did not take into account factors such as organic soil, which would be 
present on hand‐touch  surfaces.  Substances such as  sebaceous oils, blood and other 
human secretions would be  likely to contaminate the thin films  if  they were used as 
antibacterial  coatings  in  a  patient  environment,  and  the  effect  of  these  substances 
should  be  investigated  as  they  are  likely  to  cause  an  inhibition  in  the  photocatalytic 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activity  of  the  thin  films  (Furno  et  al.,  2004). Organic  soiling  of  a  surface  is  likely  to 
precede bacterial contamination (Verran et al., 2002), so if the thin films were able to 
photo‐degrade  any  organic  soil  present  it  would  keep  the  surface  hygienically  clean 
and eliminate a potential nutrient source of any colonising bacteria. 
5.5 Conclusion 
This chapter has demonstrated that the antibacterial activity of titania thin films can 
be  significantly  enhanced  by  the  addition  of  surface‐bound  silver/silver  oxide 
nanoparticles.  The  thin  films  displayed  photochromic  behaviour  and  were  found  as 
either  silver  oxide  or  pure  silver,  depending  on  the  storage  conditions;  oxidation  of 
silver to silver oxide occurred after storage in the dark and a purple colouration whilst 
exposure to indoor lighting conditions caused photo‐reduction of the silver oxide back 
to  silver  and  an  orange  coloured  film.  White  light  induced  photocatalysis  was 
generated by a shift in the band onset of the thin films, caused by the addition of silver 
nanoparticles. Visible light photocatalysis was demonstrated when a UV filter was used 
to  block  out  the  minimal  UV  component  of  the  white  light  source,  and  this  was 
observed  in  the  form  of  photo‐oxidation  of  stearic  acid,  a  reduction  in  the  water 
contact angle and photocatalytic activity against EMRSA‐16. This is the first example of 
unambiguous  visible  light  photocatalysis  and  photo‐induced  superhydrophilicity 
alongside a titanium dioxide control that shows no activation. 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6 Assessment  of  a  novel  antibacterial  material  for  use  in 
endotracheal tubes in intubated patients 
6.1 Introduction 
Ventilator‐associated pneumonia (VAP) is a HCAI associated with significant morbidity 
and  mortality.  Intubated  patients  have  an  endotracheal  tube  (ETT)  in  situ  to  allow 
mechanically assisted breathing, which compromises  the normal  clearance of mucus 
and  other  upper  airway  secretions  and  allows  micro‐aspiration  of  contaminated 
subglottic secretions into the lungs. These secretions contain commensal bacteria that 
provide  a  source  for  pulmonary  infection.  In  addition,  the  lumen  of  the  ETT  itself 
becomes  colonised  with  bacteria,  which  provides  a  secondary  source  of  infective 
organisms  (Deem  and  Treggiari,  2010).  A  number  of  studies  investigating  the 
microbiology  of  VAP  have  shown  that  Gram‐negative  bacilli  are  isolated  more 
commonly  in  patients  with  VAP  compared  with  patients  with  hospital‐acquired 
pneumonia  (i.e.  pneumonia  acquired  in  hospital  in  the  absence  of  mechanical 
ventilation).  P.  aeruginosa,  Acinetobacter  species  and  S.  maltophilia  are  the  most 
commonly  observed  Gram‐negative  pathogens  causing  VAP  (Johanson  et  al.,  1972; 
Richards  et  al.,  1999;  Weber  et  al.,  2007;  Bouadma  et  al.,  2010).  Both  meticillin‐
sensitive  and  resistant  S.  aureus  have  also  been  isolated,  but  were  observed  more 
frequently in non‐intubated patients (Weber et al., 2007). 
It  is  advantageous  to  reduce  microbial  load  and  decrease  biofilm  formation  in  the 
lumen of the ETT as this would eliminate the bacterial reservoir and  lower the risk of 
developing  VAP.  The  use  of  antimicrobial  silver  ETTs  has  been  recommended  in 
combination with additional clinical measures  in the prevention of VAP (Torres et al., 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2009;  Coppadoro  et  al.,  2011)  and  it  would  be  desirable  to  expand  on  the  pool  of 
antimicrobial ETTs available. Photodynamic inactivation (PDI) of bacteria has proven to 
be an effective method of reducing the bacterial load on surfaces and this technology 
has  the  potential  to  be  applied  to  an  ETT.  A  laser  light  could  be  inserted  along  the 
length  of  the  ETT  and  switched  on  periodically  to  activate  the  surface  and  kill  any 
bacteria present. Figure 6.1 shows how this may be achieved in a catheter tube. 
 
Figure 6.1 A catheter tube  impregnated with the photosensitising agent methylene 
blue. It is suggested that light from a laser could be projected through the tube with 
the use of fibre optics. Photograph courtesy of Prof. Wilson (UCL). 
 
This  chapter  describes  the  development  of  a  polyurethane  polymer  which  was 
impregnated with the photosensitising agent toluidine blue O (TBO). The antibacterial 
effect  of  the  impregnated  polymers  after  irradiation  with  laser  light  was  observed 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against a series of pathogens known to cause VAP. Both clinical and type strains were 
tested  to  assess  any  difference  in  susceptibility  to  PDI.  The  published  literature 
described above was used to guide the choice of bacteria and material type assessed 
in this chapter. 
6.2 Materials and methods 
6.2.1 Material synthesis 
The polyurethane polymers required for this series of experiments were synthesised as 
described  in Section 2.10.3. Polymers were prepared containing TBO (S+) and control 
polymers were prepared in parallel without the addition of TBO (S‐). 
6.2.2 Measuring  the  antibacterial  photo‐activity  of  the  TBO‐impregnated 
polymers 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of  P.  aeruginosa  PAO1  and  clinical  strains  of  P.  aeruginosa,  A.  baumannii  and  S. 
maltophilia were prepared as detailed in Section 2.3, resulting in a starting inoculum of 
approximately 107 cfu / ml, which equated to a concentration of approximately 106 cfu 
/ polymer as described in Section 2.12.3. A suspension of C. albicans (107 cfu / ml) was 
also prepared as described  in Section 2.3. The Mann Whitney U test was used for all 
statistical  analyses  to  determine  the  statistical  significance  of  any  differences 
observed,  as  described  in  Section  2.13.  The  nomenclature  used  during  this  series  of 
experiments is detailed in Table 6.1. 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Table  6.1  Nomenclature  used  during  microbiological  assessment  of  the  TBO‐
impregnated polymers 
 
6.3 Results 
6.3.1 Assessment of the antibacterial photo‐activity of the TBO‐impregnated 
polymers against P. aeruginosa PAO1, a type strain 
The activity of the TBO‐impregnated polyurethane polymers was first assessed against 
a type strain of P. aeruginosa, PAO1. The polymers were exposed to the laser light for 
time periods of between 30 seconds and 240 seconds and the results are illustrated in 
Figure 6.2 through to Figure 6.10. 
Nomenclature  Description 
L+S+  TBO‐impregnated sample exposed to laser light  
L+S‐  TBO‐impregnated sample NOT exposed to laser light 
L‐S+  Non TBO‐impregnated sample exposed to laser light 
L‐S‐  Non TBO‐impregnated sample NOT exposed to laser light 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Figure 6.2 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa PAO1 after 30 seconds. The dotted horizontal line indicates the detection 
limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.3 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa PAO1 after 60 seconds. The dotted horizontal line indicates the detection 
limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.4 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa PAO1 after 90 seconds. The dotted horizontal line indicates the detection 
limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.5 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa  PAO1  after  120  seconds.  The  dotted  horizontal  line  indicates  the 
detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.6 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa  PAO1  after  150  seconds.  The  dotted  horizontal  line  indicates  the 
detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.7 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa  PAO1  after  180  seconds.  The  dotted  horizontal  line  indicates  the 
detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.8 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa  PAO1  after  210  seconds.  The  dotted  horizontal  line  indicates  the 
detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.9 Antibacterial activity of TBO‐impregnated polyurethane polymer against P. 
aeruginosa  PAO1  after  240  seconds.  The  dotted  horizontal  line  indicates  the 
detection limit of the sampling method, 0.80 log10 cfu / polymer. 
 
Highly  statistically  significant  reductions  in  the  number of  viable P. aeruginosa  PAO1 
recovered from the TBO‐impregnated polymers was observed at all time points tested 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(all p < 0.001). The reduction in bacterial count followed a dose‐dependent response, 
whereby  as  the  dose  of  laser  light  was  increased,  the  antibacterial  activity  of  the 
impregnated polymers  increased, which  resulted  in a  lower  recovery of bacteria.  For 
example, a 1.41 log10 cfu / polymer decrease was observed after 90 seconds exposure 
to  the  laser  light  (Figure 6.5),  rising  to a 2.94  log10  cfu  / polymer decrease after 180 
seconds (Figure 6.7) and a 3.33 log10 cfu / polymer decrease after 240 seconds (Figure 
6.9). The results from all of the experiments are summarised in Table 6.2. 
Table 6.2 Summary of the data obtained from the P. aeruginosa PAO1 experiments. 
The stated reductions  in bacteria are calculated by comparing the median bacterial 
recovery from the L‐S‐ sample with the L+S+ sample. 
Exposure time / seconds 
Log reduction / cfu per 
polymer 
Percentage reduction / 
cfu per polymer 
30  0.44  63.9 
60  0.49  67.9 
90  1.41  96.1 
120  2.09  99.2 
150  2.82  99.85 
180  2.94  99.89 
210  3.05  99.91 
240  3.33  99.95 
 
The observed reductions  in bacterial  recovery were highly statistically significant  (p < 
0.001)  at  all  time  points  (L‐S‐  compared with  L+S+), which  demonstrates  the  potent 
light‐dependent  antibacterial  activity  of  the  TBO‐impregnated  polymers.  When  the 
two groups of TBO‐impregnated polymers were compared and the effect of the  laser 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light was  investigated  (L‐S+  and  L+S+),  the  recovery  of P.  aeruginosa  from  the  TBO‐
impregnated polymers exposed to light was significantly lower than recovery from the 
TBO‐impregnated  polymers  incubated  in  the  dark.  This  difference  was  highly 
statistically significant (p < 0.001) for all time points above 60 seconds; the difference 
was also statistically significant after 30 seconds with a p value of p < 0.01. These data 
further  confirm  the  photocatalytic  nature  of  the  TBO‐impregnated  polymers.  There 
was no  statistical difference  in  the bacterial  recovery obtained  from  the  two sets of 
polymers  incubated  in  the  dark  (L‐S‐  compared  with  L‐S+),  which  demonstrates  the 
intrinsic  lack of antibacterial activity of TBO  in the absence of  light of an appropriate 
wavelength. 
6.3.2 Assessment of the antibacterial photo‐activity of the TBO‐impregnated 
polymers against a clinical strain of P. aeruginosa  
The  photo‐activity  of  the  TBO‐impregnated  polyurethane  polymers  was  assessed 
against a clinical strain of P. aeruginosa to assess whether there were any differences 
in  the  susceptibility  of  the  laboratory  type  strain  compared  with  a  strain  recently 
isolated from a patient with clinically confirmed VAP. The polymers were exposed to 
the laser light for time periods of 90 seconds, 180 seconds and 240 seconds, using the 
same initial bacterial inoculum of approximately 106 cfu bacteria per polymer. 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Figure 6.10 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  P.  aeruginosa  after  90  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.11 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  P.  aeruginosa  after  180  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.12 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  P.  aeruginosa  after  240  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 
 
A highly significant reduction  in the recovery of the clinical strain P. aeruginosa  from 
the TBO‐impregnated polymers after exposure to the laser light was achieved after 90 
seconds  (Figure 6.10), 180  seconds  (Figure 6.11) and 240  seconds  (Figure  6.12).  This 
reduction was  highly  statistically  significant  for  all  time  points  tested  (p  <  0.001).  A 
highly  statistically  significant  decrease  (p  <  0.001)  was  observed  on  the  TBO‐
impregnated polymers exposed to the laser light compared with those not exposed to 
the laser light. A lack of antibacterial activity was demonstrated in the absence of laser 
light; there was no statistical difference in the recovery of P. aeruginosa from the two 
sets  of  polymers,  which  were  not  exposed  to  the  laser  at  any  light  exposure  time. 
Combining  these  data  illustrates  the  laser  light‐induced  antibacterial  nature  of  the 
polymers. 
  216 
The direct effect of the laser light on the viability of P. aeruginosa was determined by 
comparing the bacterial counts from the non‐impregnated polymers with the bacterial 
counts  from  the  TBO‐impregnated  polymers  irradiated  with  laser  light.  A  small 
decrease can be observed on the box plots which was statistically significant (p < 0.001 
at 90 s and 240 s; p < 0.05 at 180 s); however this reduction was not substantial (<0.5 
log cfu / polymer reduction) and it is more likely that this is due to the small variation 
in  the  bacterial  count  rather  than  a  genuine  effect  of  the  laser.  To  reinforce  this 
statement,  the  bacterial  count  of  P.  aeruginosa  from  the  non  TBO‐impregnated 
polymers exposed to the laser light (L+S‐) was compared with that obtained from the 
TBO‐impregnated  polymers  exposed  to  the  laser  light  (L+S+),  large  reductions  in 
bacterial  counts were  observed  for  all  three  time points  tested  (0.88,  1.51  and  1.29 
log10 cfu / polymer decreases after 90, 180 and 240 seconds respectively), which were 
all highly statistically significant (p < 0.001). 
The difference  in  the  susceptibility of  the  two P. aeruginosa  strains was  investigated 
and  summarised  in  Table  6.3.  It  was  immediately  evident  that  the  laboratory  type 
strain of P. aeruginosa PAO1 was more susceptible to the photodynamic effect of the 
TBO‐impregnated polymers, compared with the clinical  isolate. A greater recovery of 
bacteria was  obtained  during  the  experiments with  the  clinical P.  aeruginosa  isolate 
compared  with  the  type  strain,  and  this  was  demonstrated  after  90,  180  and  240 
seconds. 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Table  6.3  Comparison  of  the  data  obtained  from  the  two  sets  of  P.  aeruginosa 
experiments.  The  stated  reductions  in  bacteria  are  calculated  by  comparing  the 
median bacterial recovery from the L‐S‐ sample with the L+S+ sample. 
Clinical strain of P. aeruginosa  P. aeruginosa PAO1 
Exposure time 
/ seconds 
Log reduction 
/ cfu per 
polymer 
Percentage 
reduction / cfu 
per polymer 
Log reduction 
/ cfu per 
polymer 
Percentage 
reduction / cfu 
per polymer 
90  1.06  91.3  1.41  96.1 
180  1.70  98.0  2.94  99.89 
240  1.55  97.2  3.33  99.95 
 
6.3.3 Assessment of the antibacterial photo‐activity of the TBO‐impregnated 
polymers against a clinical strain of A. baumannii  
The  activity  of  the  TBO‐impregnated  polyurethane  polymers  was  subsequently 
assessed against a recently isolated clinical strain of A. baumannii and the results are 
displayed in the following three figures. The polymers were exposed to the laser light 
for  time  periods  of  90  seconds,  180  seconds  and  240  seconds,  using  the  same 
concentration of approximately 106 cfu bacteria per polymer. 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Figure 6.13 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a clinical strain of A. baumannii after 90 seconds. The dotted horizontal line indicates 
the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.14 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  A.  baumannii  after  180  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.15 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  A.  baumannii  after  240  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 
 
A reduction in the recovery of A. baumannii from the TBO‐impregnated polymers was 
achieved  after  90  seconds  (Figure  6.13),  180  seconds  (Figure  6.14)  and  240  seconds 
(Figure 6.15)  irradiation with the  laser light, demonstrating the photocatalytic activity 
of  the  TBO‐impregnated  polymers.  These  reductions  were  all  highly  statistically 
significant  (p  <  0.001).  There  was  no  statistical  difference  in  the  recovery  of  A. 
baumannii from the two sets of polymers which were not exposed to the laser light (L‐
S‐  and  L‐S+),  confirming  the  light  dependent  properties  of  the  TBO‐impregnated 
material. When  the effect  of  the  laser  light alone was  investigated  (L‐S‐ and L+S‐),  a 
statistically  significant  difference was  observed  at  180  seconds  (p  <  0.001)  and  240 
seconds (p < 0.05), and not at 90 seconds but the figures show that this reduction  is 
minimal  and  this  is  likely  to  be  a  consequence  of  the  small  amount  of  variation  in 
bacterial counts seen in these two groups. Furthermore, highly statistically significant 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reductions  (p < 0.001) were achieved when  the  recovery  from  the  TBO‐impregnated 
polymers  exposed  to  the  laser  light  were  compared  with  the  irradiated  non‐
impregnated  polymers,  further  emphasising  the  requirement  for  both  the  laser  light 
and the photosensitiser to exert a highly significant, consistent antibacterial effect. 
6.3.4 Assessment of the antibacterial photo‐activity of the TBO‐impregnated 
polymers against a clinical strain of S. maltophilia 
The  activity  of  the  TBO‐impregnated  polyurethane  polymers was  assessed  against  a 
newly  isolated  clinical  strain  of  S.  maltophilia  and  the  results  are  displayed  in  the 
following figures. The polymers were exposed to the laser light for time periods of 90 
seconds,  180  seconds  and  240  seconds,  using  the  same  concentration  of 
approximately 106 cfu bacteria per polymer. 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Figure 6.16 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  S.  maltophilia  after  90  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 
***
Exposure conditions
lo
g 1
0
cf
u 
/ 
po
ly
m
er
***
lo
g 1
0
cf
u 
/ 
po
ly
m
er
 
Figure 6.17 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  S.  maltophilia  after  180  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.18 Antibacterial activity of TBO‐impregnated polyurethane polymer against 
a  clinical  strain  of  S.  maltophilia  after  240  seconds.  The  dotted  horizontal  line 
indicates the detection limit of the sampling method, 0.80 log10 cfu / polymer. 
 
The  TBO‐impregnated  polymers  exerted  a  significant  antibacterial  effect  on  S. 
maltophilia after exposure to the laser light for 90 seconds (Figure 6.16), 180 seconds 
(Figure  6.17)  and  240  seconds  (Figure  6.18).  This  reduction  was  highly  statistically 
significant  (p  <  0.001)  for  all  of  the  three  exposure  times.  Comparison  of  the  two 
groups of TBO‐impregnated polymers showed a statistically significant decrease in the 
recovery of S. maltophilia  from the polymers exposed to the  laser  light compared to 
that  recovered  from  those  polymers  not  exposed  to  the  laser  light.  There  was  no 
statistical difference  in  the  recovery of S. maltophilia  from  the  two sets of polymers 
incubated  in  the  absence  of  laser  light  (L‐S‐  and  L‐S+),  demonstrating  the  light 
dependent  activity  of  the  polymers.  A  small  but  statistically  significant  reduction  in 
bacterial counts was observed when the direct effect of the laser light was investigated 
by comparing values obtained from recovery from the two groups of non‐impregnated 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polymers,  but  the  effect  of  the  laser  light  in  combination  with  the  impregnated 
photosensitiser was much larger. This finding mirrors the data obtained in the previous 
experimental sections assessing the activity of the TBO‐impregnated polymers against 
A. baumannii (Section 6.3.3) and P. aeruginosa (Sections 0 and 6.3.2). 
6.3.5 Assessment of the antibacterial photo‐activity of the TBO‐impregnated 
polymers against a clinical strain of C. albicans 
The  activity  of  the  TBO‐impregnated  polyurethane  polymers was  assessed  against  a 
recently  isolated  clinical  strain  of  C.  albicans  and  the  results  are  displayed  in  the 
following figures. The polymers were exposed to the laser light for time periods of 90 
seconds,  180  seconds  and  240  seconds,  using  the  same  concentration  of 
approximately 106 cfu bacteria per polymer. 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Figure 6.19 Antimicrobial activity of TBO‐impregnated polyurethane polymer against 
a clinical strain of C. albicans after 90 seconds. The dotted horizontal  line  indicates 
the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.20 Antimicrobial activity of TBO‐impregnated polyurethane polymer against 
a clinical strain of C. albicans after 180 seconds. The dotted horizontal line indicates 
the detection limit of the sampling method, 0.80 log10 cfu / polymer. 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Figure 6.21 Antimicrobial activity of TBO‐impregnated polyurethane polymer against 
a clinical strain of C. albicans after 240 seconds. The dotted horizontal line indicates 
the detection limit of the sampling method, 0.80 log10 cfu / polymer. 
 
  225 
A  decrease  in  the  recovery  of C.  albicans  from  the  TBO‐impregnated  polymers was 
noted  after  exposure  to  the  laser  light  for  90  seconds  (Figure  6.19),  180  seconds 
(Figure  6.20)  and  240  seconds  (Figure  6.21).  The  observed  reduction  was  highly 
statistically significant (p < 0.001) for all of the three exposure times. The findings were 
similar  to  those obtained  from  the experiments  involving bacterial  causes of VAP,  in 
that  a  decrease  in  the  recovery  of  C.  albicans  was  not  detected  from  the  TBO‐
impregnated polymers when incubated in the dark (L‐S‐ compared with L‐S+, p>0.05). 
Moreover, the laser light had no effect on the recovery of C. albicans after 90 seconds 
or  180  seconds  irradiation  and  although  a  statistically  significant  decrease  was 
observed after 240 seconds, the difference is rather small in absolute terms (0.31 log10 
cfu  /  polymer).  When  the  effect  of  the  laser  light  in  combination  with  TBO  was 
compared with  the TBO alone, a highly  statistically  significant decrease  in  count was 
observed, demonstrating the light‐activated nature of the TBO‐impregnated polymers. 
The  data  from  this  chapter  are  summarised  below  in  Table  6.4.  It  is  immediately 
evident that the TBO‐impregnated polymers  in combination with the  laser  light exert 
an antimicrobial effect against all the organisms tested after 90 seconds, 180 seconds 
and  240  seconds.  The  TBO‐impregnated  polymers  were  most  effective  against  A. 
baumannii  where  a  reduction  of  over  4  log10  cfu  /  polymer was  achieved  after  240 
seconds  and  was  least  effective  against  C.  albicans,  but  a  significant  reduction 
approaching 2 log10 cfu / polymer was still observed after 240 seconds. As mentioned 
previously, the clinical isolate of P. aeruginosa was less susceptible to the photo‐active 
nature  of  the  TBO‐impregnated  polymers  and  a  smaller  reduction  was  observed 
compared with the laboratory type strain. 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Table  6.4  Summary  of  the  data  obtained  from  the  experiments  investigating  the 
activity  of  the  TBO‐impregnated  polymers.  The  stated  reductions  in  bacteria  are 
calculated by comparing  the bacterial  recovery from the L‐S‐  sample with  the L+S+ 
sample. 
Log reduction / cfu per polymer 
Exposure 
time / 
seconds 
P. 
aeruginosa 
PAO1 
P. 
aeruginosa, 
clinical 
isolate 
A. 
baumannii, 
clinical 
isolate 
S. 
maltophilia, 
clinical 
isolate 
C. albicans, 
clinical 
isolate 
90  1.41  1.06  1.72  0.96  0.54 
180  2.94  1.70  1.90  2.82  1.48 
240  3.33  1.55  4.16  3.12  1.79 
6.4 Discussion 
6.4.1 TBO‐mediated photodynamic bacterial inactivation 
The  assessment  of  novel  antimicrobial  materials  for  use  in  endotracheal  tubes  is  a 
timely  and  pertinent  task.  Therefore,  in  this  chapter,  polyurethane  polymers  were 
impregnated with the photosensitiser TBO and exposed to wavelengths of light known 
to cause photoactivity. Polyurethane is a material commonly used in ETTs (Berra et al., 
2008a; 2008b; Rello et al., 2010) and the polymers were impregnated with TBO rather 
than coated, as the process allows application of the antibacterial agent on both the 
inner  and  outer  surfaces  of  the  catheter,  which  can  increase  overall  antibacterial 
activity  (Furno et al.,  2004). The TBO‐impregnated polymers were assessed against a 
range of bacterial species commonly isolated from patients with VAP and the yeast C. 
albicans  which  has  also  been  cultured  from  this  patient  group  (Weber  et  al.,  2007; 
Bouadma  et  al.,  2010).  Previous  work  in  our  laboratory  has  shown  that  the  TBO‐
impregnated  polymers  produced  photodynamic  inactivation  (PDI)  of  a  meticillin‐
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resistant  strain of S. aureus  (EMRSA‐16) and E.  coli  (Perni et al.,  2009b). The current 
study expanded on these data to investigate the photoactivity of the polymers against 
the most common causes of VAP. 
These  experiments  have  shown  that  the  TBO‐impregnated  polymers  exerted  a 
significant antimicrobial effect on all organisms tested after irradiation with laser light. 
The reductions followed a dose‐dependent response, so that the greatest reductions in 
bacterial  (or  yeast)  numbers  were  observed  after  the  longest  irradiation  time.  A. 
baumannii was shown to be most susceptible to photodynamic  inactivation with the 
TBO‐impregnated  polymers,  and  a  reduction  of  over  4  log10  cfu  /  polymer  was 
achieved  after  a  4 minute  irradiation  time.  Reductions  of  over  3  log10  cfu  /  polymer 
were also achieved in the recovery of P. aeruginosa PAO1 and S. maltophilia after the 
same irradiation time. 
Many  groups  have  reported  photodynamic  inactivation  of  a  range  of  planktonic 
bacteria and yeasts  in the presence of an aqueous solution of TBO and  laser  light. E. 
coli was first shown to be susceptible to a 2.5 µM solution of TBO in the presence of a 
tungsten lamp at a light intensity of 5400 lux. The generation of singlet oxygen during 
irradiation was confirmed as the addition of the singlet oxygen quencher, α‐tocopherol 
reduced  the photoactivity of  the dye  (Wakayama et al.,  1980). A 2  ‐  3  log10  cfu  / ml 
decrease in the recovery of A. baumannii was described after exposure to 635 nm light 
at  a  concentration  of  2  µM  and  22.5  J  /  cm2  energy  (Ragas  et  al.,  2010)  but  a  pre‐
sensitisation  step  of  30  minutes  was  required  to  achieve  this  level  of 
photoinactivation. MRSA was  shown  to  be  susceptible  to  a  suspension  of  TBO  after 
exposure to a HeNe  laser  light  for  just 30 seconds (Wilson and Yianni, 1995) and the 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susceptibility of E.  faecalis, B.  cereus and P. aeruginosa was demonstrated against a 
variety  of  phenothiazinium  dyes  including  TBO  after  60  minutes  light  exposure 
(Wainwright et al., 1997). 
Gram‐negative  bacteria  have  been  shown  to  be  less  susceptible  than  Gram‐positive 
bacteria  to  the  photoactivity  of  the  TBO‐impregnated  polymers  (Perni  et  al.,  2009b) 
and to photodynamic therapy using other photosensitisers such as methylene blue and 
rose  bengal  (Phoenix  et  al.,  2003;  Decraene  et  al.,  2006;  Perni  et  al.,  2009a).  The 
cytoplasmic membrane  is  the  primary  target  of  the  singlet  oxygen  generated  during 
irradiation with  the  laser  light  (Wakayama  et  al.,  1980;  Jori  et  al.,  2006),  which  has 
been  demonstrated  in  E.  coli  and  S.  cerevisiae  (Ito,  1977;  Ito  and  Kobayashi,  1977). 
Gram‐negative  bacteria  have  a  reduced  rate  of  uptake  of  singlet  oxygen  due  to  the 
presence of the outer membrane (Jori et al., 2006), which prevents direct  interaction 
of  the  singlet  oxygen  with  the  underlying  cytoplasmic  membrane.  It  also  acts  as  a 
permeability barrier, preventing the diffusion of small molecules into the cytoplasm of 
the cell. Conversely, Gram‐positive bacteria are surrounded by a relatively porous layer 
of  peptidoglycan  and  are more  likely  to  be  susceptible  to  the  action  of  the  reactive 
oxygen  species  generated  on  the  surface  of  the  polymers.  DNA  damage  occurs  in 
Gram‐positive and Gram‐negative bacteria and in yeast cells once the permeability of 
the  external membrane  has  been  compromised  and  the  reactive  oxygen  species  are 
able to penetrate the interior of the cells (Dunipace et al., 1992; Chi et al., 2010). The 
susceptibility  of  Gram‐negative  bacteria  to  the  effect  of  the  TBO‐impregnated 
polymers suggests that the mechanism of activity is the Type II pathway (Figure 1.11). 
The  photosensitiser  was  immobilised  in  the  polymer  and  was  not  able  to  interact 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directly  with  the  bacterial  cell  wall  and  so  the  phototoxic  effect  occurred  via  the 
generation of singlet oxygen which oxidised molecules in the outer membrane. It was 
hypothesised  that  reactive  oxygen  species  generated  by  the  Type  I  pathway 
wereunable to cause lethal damage to the outer membrane and required penetration 
of the membrane in order to exert lethal PDI (Jori et al., 2006). 
It  was  hypothesised  that  the  reductions  observed  for  the  Gram‐negative  organisms 
used in these experiments would be less than that observed for S. aureus (Perni et al., 
2009b),. Although  these  results  support  the  hypothesis,  the  data  cannot  be  directly 
compared with the published work as a larger starting inoculum was used in this series 
of experiments, and cells are more susceptible to PDI when a lower inoculum is used 
(So et al., 2010). The initial bacterial concentration used in the Perni study equated to 
approximately 4 x 104 cfu / polymer and in preliminary experiments a 3.54 log10 cfu / 
polymer reduction in P. aeruginosa PAO1 was detected which was below the detection 
limit of  the experiment (data not shown). Therefore, a higher  initial bacterial  load of 
106  cfu  /  polymer was  selected  so  that  colonies were  always  detectable  on  the  test 
(L+S+)  plates  and  the  values  obtained  were  within  the  detectable  limits  of  the 
experimental  design.  Alternatively,  the  exposure  time  to  the  laser  could  have  been 
decreased  to  ensure  the  recovered  bacteria  were within  the  detection  limits  of  the 
assay.  For  reference,  the  Perni  et  al.,  (2009a)  study  showed  a  >4  log10  cfu  /  ml 
reduction  in  EMRSA16  after  a  1  minute  irradiation  time  and  a  >4  log10  cfu  /  ml 
reduction in E. coli ATCC 25922 after a 2 minute irradiation. 
These  data  also  show  that  C.  albicans  was  less  susceptible  to  TBO‐mediated 
photodynamic  inactivation  than  the  Gram‐negative  bacteria  S.  maltophilia,  A. 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baumannii and P. aeruginosa PAO1. It has previously been shown that C. albicans was 
susceptible  to PDI using a  solution of  TBO and  irradiation with  red  light  (Wilson and 
Mia,  1993)  and  an  increased  tolerance  to  these  conditions was  displayed  compared 
with  the  Gram‐negative  oral  bacteria  Fusobacterium  nucleatum,  Actinobacillus 
actinomycetemeomitans  and  Porphyromonas  gingivalis  (Wilson  et  al.,  1993;  Wilson 
and Mia, 1994). Yeast cells are much larger in size than bacterial cells; the diameter of 
a C. albicans cell is approximately 3 to 4 µm (Merz and Roberts, 1999) compared with 
A. baumannii which is approximately 1 to 1.5 by 1.5 to 2.5 µm in size (Schreckenberger 
and  von  Graevenitz,  1999)  and  S.  aureus  which  is  approximately  0.5  to  1.5  µm  in 
diameter  (Kloos  and  Bannerman,  1999;  Sandel  and  McKillip,  2004).  Therefore,  the 
yeast cell is likely to require a larger dose of reactive oxygen species to exert a similar 
photodynamic effect  (Jori et al., 2006). The structure of the yeast cell wall could also 
contribute towards increased tolerance to PDT (Bowman and Free, 2006). 
6.4.2 Limitations of the experimental work 
The  clinical  strain  of  P.  aeruginosa  was  shown  to  be  the  least  susceptible  to  the 
photoactivity of the TBO‐impregnated polymers after a 4 minute irradiation time, and 
the  reduction  in  bacteria  observed  was  substantially  less  than  that  seen  in  for  the 
laboratory  strain  of P.  aeruginosa,  PAO1. P.  aeruginosa PAO1 was  originally  isolated 
from a wound in Melbourne, Australia in 1955 (Holloway, 1955). Since then it has been 
serially  passaged  for  many  years  and  shared  with  laboratories  around  the  world, 
where  further  passages  have  taken  place  (Fux  et  al.,  2005).  The  PAO1  strain  was 
selected because it’s ubiquitous use allows the data generated in these experiments to 
be compared with results generated by groups around the world on the sensitivity of 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P.  aeruginosa  to  the  TBO‐laser  combination.  However,  it’s  limitations  should  be 
acknowledged  and  it  is  probable  that  the  PAO1  strain  in  use  today  has  lost 
characteristics found in the original strain as a result of serial passage (Fux et al., 2005). 
The conditions that bacteria are exposed to during laboratory culture are substantially 
different from those experienced within the hostile environment of the human body. 
An  abundance  of  nutrients  are  present  in  laboratory  media  to  encourage  bacterial 
growth  and  incubation  conditions  are  optimal  for  rapid  replication.  Therefore,  the 
genes that are required for colonisation and survival within the human host are surplus 
to  requirement.  For  example,  in  E.  coli,  genes  required  for  flagella  production  are 
inactivated after serial passage’s (Edwards et al., 2002), which benefits the laboratory‐
adapted strain as flagella production is an energy‐rich process that requires high levels 
of amino acid production.  If  these genes are  inactivated,  the  replication  time will be 
shorter, which will give the laboratory‐adapted strain a fitness advantage over the wild 
type strain. 
The ability of the  laboratory adapted cells  to adhere and form biofilms could also be 
reduced (Fux et al., 2005). Mucoid strains of P. aeruginosa are commonly isolated from 
patients with cystic fibrosis and this phenotype is often lost during laboratory culture 
due  to  a  series  of  point  mutations  and  a  non‐mucoid,  rough  colony  morphology 
predominates (Govan, 1975; Drenkard and Ausubel, 2002). Mucoid strains produce a 
greater  quantity  of  alginate  (Simpson  et  al.,  1989),  a  known  scavenger  of  reactive 
oxygen  species  such  as  singlet  oxygen,  which  is  produced  in  abundance  during  the 
photodynamic reaction on the TBO‐impregnated polymers (Wakayama et al., 1980). A 
possible  reason  for  the  decreased  susceptibility  of  the  clinical  isolate  to  the 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photoactivity of TBO‐impregnated polymers could therefore be related to an increased 
production  of  alginate,  which  is  a  defence mechanism  against  the  respiratory  burst 
released  by  macrophages  within  the  human  host. Wong  et  al.,  (2006)  showed  that 
clinical  isolates  exposed  to  the  visible‐light  driven  photocatalytic  effect  of  N‐doped 
TiO2  thin  films  displayed  increased  tolerance  to  killing  compared  with  a  laboratory 
strain of E. coli OP50 and  it was suggested that the mechanism behind this was also 
linked to resistance to reactive oxygen species 
The bacterial  isolates used  in  this  series of experiments were cultured  in brain heart 
infusion  (BHI)  liquid  media  and  subsequently  re‐suspended  in  PBS,  which  is  a  low 
protein  saline  solution.  It  has  been  shown  that  the  PDI  effect  is  reduced  by  the 
presence  of  proteins  in  the  medium,  and  so  it  is  possible  that  the  inhibitory  effect 
observed  in  these  experiments  would  be  reduced  under  in  vivo  conditions,  as  the 
tracheal secretions contain high levels of proteins (Wilson and Pratten, 1995; Nitzan et 
al.,  1998).  These  proteins  could  absorb  light,  which  would  reduce  the  number  of 
photons available, which would in turn decrease the concentration of reactive oxygen 
species  generated  (Komerik  and  Wilson,  2002).  The  proteins  may  also  be  used  as 
alternative targets by the singlet oxygen species and shield bacteria from the cytotoxic 
effects generated. 
6.4.3 Novel materials for potential use as antimicrobial endotracheal tubes 
Numerous  in vitro studies have been conducted on materials which could be used as 
novel  antibacterial  ETTs.  Methylene  blue  was  incorporated  into  silicone  and  the 
photodynamic  effect  with  and  without  the  addition  of  gold  nanoparticles  was 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investigated  (Perni  et  al.,  2009a).  A  significant  level  of  photoactivity  was  observed 
against E. coli and MRSA after 5 minutes  irradiation with a red  laser  light, which was 
enhanced  with  the  addition  of  gold  nanoparticles.  Berra  et  al.,  (2008a)  coated 
polyurethane ETTs with silver sulfadiazine and challenged the tubes with P. aeruginosa 
PAO1.  The  silver  coated  ETT  was  examined  by  both  scanning  electron  microscopy 
(SEM) and confocal  laser  scanning microscopy  (CLSM) and  sections of  the  tube were 
cultured after a period of 72 hours; adhesion of P. aeruginosa PAO1 to the substrate 
had been prevented and the growth rate was also reduced. The silver coated ETT was 
subsequently used  in a ventilated  sheep model. No bacteria were cultured  from  the 
coated ETTs after 24 hours, and a thinner layer of mucus was present on the lumen of 
the  tube  compared  with  the  uncoated  control,  where  bacterial  colonisation  was 
present (Berra et al., 2008a). 
Rello  et  al.,  (2010)  coated  a  proprietary  hydrophilic  polymer  with  silver  ions  and 
investigated  the  adherence  of  18  organisms  after  an  exposure  time  of  4  hours.  A 
reduced level of bacterial attachment was observed for respiratory strains of MRSA, P. 
aeruginosa and E. aerogenes, but the attachment of a number of other organisms such 
as C. albicans and K. pneumoniae was not prevented. The antibacterial activity of the 
silver ion‐coated ETT was then assessed in a rabbit model, which was challenged with a 
respiratory isolate of P. aeruginosa. After 16 hours, a reduced level of ETT colonisation 
was observed on the silver ion‐coated tubes and P. aeruginosa was not isolated from 
the lungs of the rabbits. In comparison, P. aeruginosa was cultured from all non‐coated 
ETTs and  from  the  lungs of all  rabbits  intubated with  the  control  tubes  (Rello et al., 
2010). 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A  large‐scale  randomised  trial  published  in  2008  aimed  to  ascertain  whether  silver 
coated ETTs could reduce the incidence of VAP in humans (Kollef et al., 2008). Nearly 
10,000 patients were screened for their eligibility into the study and suitable patients 
were assigned a silver‐coated ETT or a non‐coated tube. A reduction  in the  incidence 
of  VAP  was  observed  in  patients  with  silver‐coated  tubes.  These  findings  were 
extremely promising as they showed that by simply using a different ventilator tube, 
the incidence of VAP could be reduced, and it required no additional involvement from 
the medical  team  treating  the  patient. However,  some  authors  have  questioned  the 
merit of reducing bacterial load on the ETT (Balk, 2002; Spronk et al., 2006) as there is 
no  direct  evidence  to  demonstrate  that  antibacterial  ETTs  can  reduce  length  of 
hospital  stay  or mortality  rates  and  the  silver  coated  ETTs  cost  over  $100  per  tube, 
compared  with  less  than  $1  for  a  traditional  uncoated  tube  (Deem  and  Treggiari, 
2010). 
6.5 Conclusions 
The  antibacterial  photodynamic  inactivation  of  P.  aeruginosa,  S.  maltophilia  and  A. 
baumannii was assessed on TBO‐impregnated polymers after  irradiation with a HeNe 
laser  light.  A  significant  reduction  in  the  recovery  of  all  bacterial  strains  tested was 
observed  after  90,  180  and  240  seconds.  A  recently  isolated  clinical  strain  of  P. 
aeruginosa  showed  decreased  susceptibility  to  the  photo‐activity  of  the  TBO‐
impregnated  polymers  compared  with  a  laboratory  type  strain.  Significant 
photodynamic inactivation of C. albicans was also observed after exposure to the same 
light source, demonstrating that the light‐induced effect is not restricted to bacteria. 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7 Assessment  of  the  disruptive  and  anti‐adhesive  properties 
of novel light‐activated materials 
7.1 Introduction 
The anti‐adhesive properties of two of the novel light‐activated antibacterial materials 
generated in this thesis was explored in this chapter using a range of techniques. The 
silver‐doped  titanium  dioxide  thin  films  were  examined  to  determine  whether,  in 
addition  to  the  photo‐activated  bactericidal  effects  already  demonstrated,  initial 
bacterial adhesion to the surface could be prevented and whether the formation of an 
immature bacterial biofilm could be disrupted. The initial attachment of bacteria to the 
TBO‐impregnated  polyurethane  polymers  was  assessed,  after  irradiation  with  the 
HeNe  laser,  which  prompted  the  examination  of  the  photo‐bleaching  effect  of  the 
laser on the antibacterial activity of the TBO‐impregnated polymers. 
Demonstrating a reduction in the recovery of viable bacteria inoculated onto the novel 
surfaces after light exposure is a useful initial method of establishing the antibacterial 
activity of the novel materials. However, it would also be advantageous to prevent the 
initial attachment of bacteria to the surface. During the  initial adhesion events there 
will be a  lower bacterial  load so photoinactivation may occur at a faster rate. Also, in 
the  clinical  environment,  the  risk  of  onward  transmission  of  bacteria  from  a  hand‐
touch  surface  via  the  hands  of  patients  or  healthcare  workers  would  be  further 
reduced  due  to  the  smaller  inoculum  present.  An  additional  measure  which  would 
prove beneficial in the clinical environment would be the detachment and inactivation 
of bacteria already bound to the surface before light exposure. 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7.2 Materials and methods 
7.2.1 Silver‐doped titanium dioxide thin films 
7.2.1.1 Assessment of initial attachment of EMRSA‐16 
Bacterial attachment to the Ag‐TiO2 thin films was measured using two single channel 
transmission FC 81‐PC flow cells (BioSurface Technologies Corporation, Montana USA). 
Two  flow cell  chambers  (50 x 13 x 2.35 mm) were  joined  together with  tape before 
autoclaving and rinsing with water. The flask was prepared by constituting 500 mL PBS 
in a 1000 mL conical flask with a magnetic stirrer added; a rubber stopper was loosely 
placed on and covered with  foil.  The  two  female  connectors were wrapped with  foil 
and sealed with autoclave tape. Clamps were attached to the ends of both tubes, by 
the  male  connectors  and  on  either  side  of  the  air  filters  and  the  entire  unit  was 
autoclaved for 15 minutes at 121°C. 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Figure  7.1  The  flow  cell  chamber  used  to  assess  bacterial  attachment.  The Ag‐TiO2 
thin  film  was  placed  within  the  chamber  and  adhesion  was  assessed  by  light 
microscopy as a bacterial suspension flowed across the material. 
 
The flow cell chamber was assembled and a sealant was applied between each layer to 
prevent the  leakage of  liquid. A cover slip was placed on the clear plastic  lid and the 
entry  and  exit  points  in  the  flow  cell  chamber  were  cleaned  with  an  isopropanol‐
containing wipe to ensure there was no obstruction caused by sealant. The uncoated 
glass slide, denoted S‐, was placed in the ridge on the clear plastic lid and screws were 
added to the top and not tightened. The Ag‐TiO2 thin films could not be autoclaved so 
these were  not  added  at  this  point.  The  screws were  loosely  positioned  on  top  and 
covered with tape. Foil was added to the top of the bubble trap and the ends of the 
two male  connectors.  Clamps  were  affixed  to  the  ends  of  both  tubes  by  the  male 
connectors. The flow cell  chamber was then  laid  flat  in an autoclave bag and sealed, 
then placed into a second autoclave bag, sealed and labelled. The bag was sterilised by 
autoclaving at 121°C for 12 minutes. 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After autoclaving, the rubber stopper on the top of the conical flask was secured and 
the clamps  from either  side  of  the air  filter were  removed. The  flask of PBS and  the 
flow  cell  chambers were  allowed  to  cool  before  the  Ag‐TiO2  slide,  denoted  S+,  was 
placed  into  the  flow  cell  chamber  and  all  screws  on  the  flow  cell  chamber  were 
tightened  to  prevent  any  leakages.  The  clamps  from  the  end  of  each  tube  were 
removed and  the  flow cell  chamber was  joined  to  the  flask by placing  the male and 
female  connectors  together.  Finally,  a  0.45  nm  filter  (Nalgene®  Labware,  Roskilde, 
Denmark)  was  added  to  the  top  of  the  bubble  trap.  A  culture  of  EMRSA‐16  was 
prepared in BHI, as described in Section 2.2. 
After 24 hours growth, 5 mL of the overnight culture was dispensed directly  into the 
flask containing 500 mL PBS, providing a dilution of approximately 1 in 100. The flow 
cell  chamber  and  bubble  trap  was  placed  into  a  large  white  tray  and  the  narrow 
section  of  tubing  was  passed  through  the  peristaltic  pump  (Watson‐Marlow  Pumps 
Group, Falmouth, UK) to achieve a low flow rate. The whole system (peristaltic pump, 
flask  and  tubing) was  transferred  into  the  22°C  incubator  containing  the white  light 
source, along with a magnetic stirrer. The peristaltic pump was then switched on and 
the speed set to 30, equating to a shear rate of 40 s‐1. The valve on the bubble trap 
was kept open until the liquid had reached the halfway mark, at which point the valve 
was closed and the liquid could pass through the system back to the conical flask. 
After 0, 6 and 18 hours, the flow cell system was moved to the light microscope so that 
the attachment of bacteria on the surface of the thin films could be visualised. The x40 
objective lens (Olympus ULWD CD Plan 40) was used and at least ten random fields of 
view were examined per sample and representative images were captured. 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7.2.1.2 Disruption of an immature biofilm of EMRSA‐16  
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of EMRSA‐16 were prepared in PBS as detailed in Section 2.3. Alternatively, an aliquot 
of  the  re‐suspended pellet of bacteria was added  to a 10 mL  of BHI and  the  optical 
density was measured on the spectrophotometer. In both cases, the resulting bacterial 
suspension contained approximately 107  cfu  / mL.  Silver‐doped  titanium dioxide  thin 
films or uncoated controls were placed in the moisture chambers described  in Figure 
2.2, before 50 µL of the bacterial suspension was added and the moisture chambers 
were incubated in the dark for 24 hours to allow an immature biofilm to develop. 
The moisture  chambers were  subsequently  transferred  to  the  cooled  incubator  and 
incubated  at  22°C  for  24  hours  under  the white  light  source.  The  Live  /  Dead  stain 
(Molecular  Probes) was  prepared  by  adding  2.0  µL  of  both  SYTO 9™  and  propidium 
iodide to a foil‐covered universal containing 40 mL PBS and was incubated in the dark 
for  30 minutes  before  use.  The  Live  /  Dead  stain was  poured  into  a  petri  dish,  the 
samples were  immersed  in the petri dish and  incubated  in the dark  for 5 minutes to 
allow  the  stain  to  penetrate  the  bacterial  cells  before  viewing.  Two  slides  were 
examined for each exposure condition as detailed in Table 7.1 and at least ten fields of 
view  were  examined  per  sample  and  representative  images  were  captured.  The 
samples were examined on the confocal  laser scanning microscope (CLSM) using the 
x40  lens with a blue filter and  later analysed using the  ImageJ computer programme 
which  can  be  accessed  for  free  from  http://rsbweb.nih.gov/ij/.  The  experiment was 
repeated to demonstrate reproducibility. 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Table  7.1  Description  of  the  samples  examined  under  the  confocal  scanning  laser 
microscope. 
Sample reference  Sample type  Exposure conditions  Inoculum 
K2 / K3  Ag‐TiO2  light  EMRSA in PBS 
K4 / K5  Ag‐TiO2  dark  EMRSA in PBS 
K6 / K7  Ag‐TiO2  light  EMRSA in BHI 
K8 / K9  Ag‐TiO2  dark  EMRSA in BHI 
K10 / K13  Ag‐TiO2  light  No bacteria 
K14 / K17  Ag‐TiO2  dark  No bacteria 
B1 / B2  Uncoated slide  light  No bacteria 
B3 / B4  Uncoated slide  dark  No bacteria 
 
7.2.2 TBO‐impregnated polymers  
7.2.2.1 Prevention of initial P. aeruginosa PAO1 attachment 
Bacterial strains were maintained as described in Section 2.1 and bacterial suspensions 
of P. aeruginosa PAO1 were grown and prepared in PBS as detailed in Section 2.2 and 
Section 2.3, resulting in a bacterial suspension containing approximately 107 cfu / mL. 
The described method was adapted  from a paper by Chrzanowski et al.,  (2010). The 
test samples were prepared and placed  in a 24 well microtitre plate as  illustrated  in 
Figure  7.2.  Empty  wells  were  filled  with  foil  to  prevent  laser  light  penetrating  into 
adjacent  wells.  One  millilitre  of  bacterial  suspension  was  added  to  the  test  well 
ensuring  the  polymer  did  not  float  to  the  surface,  and  the  remaining  wells  were 
covered  with  a  sheet  of  black  paper.  The  well  was  irradiated  with  the  HeNe  laser 
source  described  in  Section  2.4.3  for  the  designated  exposure  time  and  the emitted 
light  was  passed  through  a  beam  diffuser  to  ensure  that  the  entire  polymer  was 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exposed  to  the  laser  light.  The  process  was  repeated  for  each  appropriate  sample 
before static incubation at 37°C for the designated time period, before re‐exposure to 
the  laser  source.  After  three  hours,  each  sample  was  placed  into  a  separate  bijou 
containing 3 mL PBS and incubated at 22°C for 5 min or prepared for scanning electron 
microscopy. The polymer was subsequently transferred to a bijou containing 1 mL PBS 
and  5  glass  beads  each  with  a  diameter  of  3  mm  and  vortexed  for  1  min.  Twenty 
microlitres of the bacterial suspension was then removed, serially diluted and spread 
onto MacConkey  agar  plates  before  incubation  at  37°C  for  48  hours.  The  resultant 
colonies were counted and compared with the controls to calculate the level of biofilm 
disruption. 
 
 
Figure  7.2  The  layout  of  the microtitre  plate  during  the  biofilm  disruption  assays, 
where ++ corresponds to a TBO‐impregnated polyurethane polymer exposed to the 
laser light; ‐+ corresponds to a TBO‐impregnated polyurethane polymer not exposed 
to  the  laser  light;  +‐  corresponds  to  a  polyurethane  polymer  exposed  to  the  laser 
light and  ‐‐  corresponds  to a polyurethane polymer not exposed  to  the  laser  light. 
Shaded circles represent wells filled with foil. 
7.2.2.2 Scanning electron microscopy 
After three hours incubation at 37°C, the samples were prepared for SEM analysis by 
Dr. Nicky Mordan. The samples underwent a series of 10 minutes dehydration stages 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in  increasing  concentrations  of  alcohol  (20%,  50%,  70%,  90%  and  3x  100%),  before 
immersion in hexamethyldisilazane (HMDS) (TAAB Laboratories Ltd, Reading, UK) for 5 
min  followed by drying on  filter paper  for 2  ‐3  hours,  to ensure  that  the HMDS had 
completely  evaporated.  The  samples  were  then  fixed  onto  alumininum  SEM  stubs 
(Agar  Scientific),  using  carbon  conducting  cement  (Neubauer  Chemikalien,  Munster, 
Germany)  as  an  adhesive,  before  sputter‐coating  with  gold/palladium  in  a  Polaron 
E5000  Sputter  Coater  (Quorum  Technologies  Ltd,  Newhaven,  UK).  A  Cambridge 
Stereoscan 90B  (LEO  Electron Microscopy Ltd, Cambridge, UK) was used  to view  the 
specimens operating at 15 kV and at least ten fields of view were examined. The i‐scan 
2000software (ISS Group, Manchester, UK) was used to capture representative digital 
images for each sample. 
7.2.2.3 Photo‐bleaching effects 
The TBO‐impregnated polymers were irradiated with the HeNe laser source described 
in Section 2.4.3 for either 90, 180 or 240 seconds, before incubation  in a sterile petri 
dish for 24 hours at 22°C. The polymers were then processed as described  in Section 
2.12.3; polymers which had  been  initially  irradiated  for  90  seconds were exposed  to 
another 90  second  laser dose, polymers  irradiated  for  180  seconds were  re‐exposed 
for 180 seconds and polymers irradiated for 240 seconds were treated with a further 
240  second  light  dose. Naïve  TBO‐impregnated  polymers were  used  as  controls,  i.e. 
TBO‐impregnated  polymers  that  had  been  stored  in  the  dark  during  the  initial 
irradiation step. Three TBO‐impregnated polymers were tested for each exposure time 
and the experiment was repeated three times to demonstrate reproducibility. 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7.3 Results 
7.3.1 Silver‐doped titanium dioxide thin films  
7.3.1.1 Assessment of bacterial attachment 
The  attachment  of  EMRSA‐16  to  the  surface  of  the  Ag‐TiO2  thin  films was  assessed 
using  the  flow cell model. Bacteria were  observed  in  the circulating broth after  zero 
hours  in  low  numbers  in  Figure  7.3(a)  and  Figure  7.3(b);  the  cocci were  in  constant 
motion, moving  in  the  direction  of  the  flow  suggesting  that  attachment  had  not  yet 
occurred. A similar number of bacteria were found on the Ag‐TiO2 thin  films and the 
uncoated  control  slides.  After  6  hours,  the  number  of  bacteria  observed  on  both 
coating  types had  increased  substantially and a  near  complete  coverage of  the  slide 
was  observed  (Figure  7.4a  and  Figure  7.4b).  Again  there  was  no  difference  in  the 
attachment  of  bacteria  to  the  irradiated Ag‐TiO2  thin  film  and  the  uncoated  control 
exposed to the same  light conditions. After 18 hours exposure to the white  light, no 
reduction in the number of bacteria was observed on the Ag‐TiO2 thin films exposed to 
the white light and there was no visual difference in the number of bacteria observed 
on the Ag‐TiO2 thin film compared with the uncoated control  (Figure 7.5a and Figure 
7.5b). 
The shrink cracks which can be clearly seen on the Ag‐TiO2 thin films are a feature of 
the  coating  and  are  a  result  of  the  annealing  process.  There  was  no  greater  than 
bacterial  attachment  observed  in  these  areas  than  on  the  non‐cracked  areas  of  the 
thin film. 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Figure 7.3 Attachment of EMRSA‐16 to either an (a) uncoated slide or (b) Ag‐TiO2 thin 
film after 0h exposure to the white light source. 
   
Figure 7.4 Attachment of EMRSA‐16 to either an (a) uncoated slide or (b) Ag‐TiO2 thin 
film after 6h exposure to the white light source. 
   
Figure 7.5 Attachment of EMRSA‐16 to either an (a) uncoated slide or (b) Ag‐TiO2 thin 
film after 18h exposure to the white light source. 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7.3.1.2 Disruption of an immature biofilm of EMRSA‐16 
As there was no difference  in the attachment of EMRSA‐16 to the Ag‐TiO2 thin films, 
the viability of EMRSA‐16 was examined after irradiation with white light. It is possible 
that the photo‐activated thin films were not preventing bacterial attachment but were 
inactivating the bacteria that did adhere. An immature biofilm of EMRSA‐16 in PBS was 
grown on the surface of the Ag‐TiO2 thin films and exposed to white light for 24 hours; 
a  reduction  in  the  viability  of  the  attached  bacterial  cells was  observed.  There were 
substantially more  non‐viable  cells  on  the  Ag‐TiO2  thin  films  exposed  to white  light 
(Figure 7.6) compared that observed on the surface of the Ag‐TiO2 thin films incubated 
in the dark (Figure 7.7). This demonstrates that white  light  irradiation of the Ag‐TiO2 
thin  films  caused  an  increase  in  the  permeability  of  the  cell  membrane  to  the 
propidium iodide stain and accompanying damage to the integrity of the bacterial cell 
membrane.  No  antibacterial  activity  was  observed  in  the  absence  of  light,  which 
suggests  that  the  damage  to  the  bacterial  cell  membranes  was  not  caused  by  the 
leakage of silver ions from the surface of the thin film. 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Figure 7.6 Confocal micrograph of EMRSA‐16 in PBS on the Ag‐TiO2 thin film after 24 
hours growth at 37°C  in  the dark and 24 hours exposure  to white  light at 22°C  (xy 
projection,  300  x  300  μm).  Viable  bacterial  cells  are  stained  green  and  non‐viable 
cells are stained red. The depth of the bacterial growth is displayed underneath the 
main image (xz projection). 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Figure 7.7 Confocal micrograph of EMRSA‐16 in PBS on the Ag‐TiO2 thin film after 24 
hours  growth  at  37°C  in  the  dark  and  24  hours  incubation  at  22°C  in  the  dark  (xy 
projection,  300  x  300  μm).  Viable  bacterial  cells  are  stained  green  and  non‐viable 
cells are stained red. The depth of the bacterial growth is displayed underneath the 
main image (xz projection). 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Figure 7.8 and Figure 7.9 show the attachment of EMRSA on the surface of the Ag‐TiO2 
thin  films  after  re‐suspension  in  the  nutrient‐rich  medium  BHI  with  and  without 
exposure  to  the  white  light  source,  respectively.  The  photocatalytic  antibacterial 
activity of  the Ag‐TiO2  thin  films was not evident; only a  small number of non‐viable 
cells were observed after 24 hours exposure to white light and these were located  in 
small defined areas whereas when EMRSA‐16 was re‐suspended in PBS and grown on 
the thin  films,  the non‐viable cells were dispersed more evenly across the surface of 
the  sample. The cells attached  to  these  surfaces had  begun  to  coalesce,  the distinct 
single  cells  that  were  in  abundance  in  the  nutrient‐poor  conditions  were  seen  less 
frequently and the initial stages of a biofilm were beginning to develop. 
The  continued  viability  of  EMRSA‐16  observed  in  the  presence  of  white  light  also 
suggests  that  the  damage  to  the  cell membrane  seen  in  Figure  7.6 was  not  a  direct 
effect of the white light, but produced due to the photocatalytic activity of the Ag‐TiO2 
thin film. 
The  thickness  of  the  immature  biofilms  on  the  surface  of  the Ag‐TiO2  thin  films  are 
displayed at  the bottom of each confocal micrograph. The  immature  biofilm  formed 
from EMRSA‐16 re‐suspended in PBS and exposed to the white light (Figure 7.6) is less 
thick  than  the  biofilms  formed  when  EMRSA‐16  was  re‐suspended  in  PBS  and 
incubated  for 24 hours at 22°C  in  the dark, or when EMRSA‐16 was  re‐suspended  in 
BHI and incubated for 24 hours at 22°C in the presence or absence of light (Figure 7.7, 
Figure 7.8 and Figure 7.9). 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Figure 7.8 Confocal micrograph of EMRSA‐16 in BHI on the Ag‐TiO2 thin film after 24 
hours growth at 37°C  in  the dark and 24 hours exposure  to white  light at 22°C  (xy 
projection,  300  x  300  μm).  Viable  bacterial  cells  are  stained  green  and  non‐viable 
cells are stained red. The depth of the bacterial growth is displayed underneath the 
main image (xz projection). 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Figure 7.9 Confocal micrograph of EMRSA‐16 in BHI on the Ag‐TiO2 thin film after 24 
hours  growth  at  37°C  in  the  dark  and  24  hours  incubation  at  22°C  in  the  dark  (xy 
projection,  300  x  300  μm).  Viable  bacterial  cells  are  stained  green  and  non‐viable 
cells are stained red. The depth of the bacterial growth is displayed underneath the 
main image (xz projection). 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7.3.2 TBO‐impregnated polymers 
7.3.2.1 Prevention of initial P. aeruginosa PAO1 attachment 
The  TBO‐impregnated  polyurethane  polymers  were  assessed  for  their  ability  to 
prevent the  initial attachment of P. aeruginosa PAO1 after  irradiation with the HeNe 
laser. The TBO‐impregnated polymers were initially irradiated with the HeNe laser for 
90 seconds and then incubated in a suspension of P. aeruginosa for 3 hours; there was 
no significant difference  in bacterial attachment compared with the control polymers 
incubated in the dark. The irradiation period was doubled to 180 seconds and the anti‐
attachment properties of the polymer were not improved. Therefore the frequency of 
the irradiation dosing was increased, and the time of dosing altered (Table 7.1). 
Table 7.2 Results of the bacterial attachment assays, where row 1 denotes that the 
samples were  irradiated with  the HeNe  laser once,  for  90  seconds at  time point  0 
minutes, which resulted in a 0.13 log cfu / ml reduction in viable bacteria. 
Irradiation period 
/ sec 
Irradiation 
frequency 
Irradiation dosing 
times / min 
Log reduction /    
cfu ml‐1 
90  1  0  0.13 
180  1  0  0.00 
180  2  0, 90  0.58 
180  3  0, 60, 120  0.53 
180  3  0, 90, 180  1.56 
 
A  significant  decrease  in  bacterial  attachment  was  demonstrated  when  the  TBO‐
impregnated polymers were  irradiated three times, for 180 seconds at time points 0, 
60  and  180  minutes  (Figure  7.10).  A  97.3%  reduction  in  bacterial  attachment  was 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observed,  which  corresponded  to  a  1.56  log  reduction  (p  <  0.001).  This  therefore 
demonstrates  that  increasing  the  dosing  frequency  improved  the  anti‐adhesive 
properties of the TBO‐impregnated polymer and frequent doses of the laser light were 
required  to  prevent  the  attachment  of  P.  aeruginosa  to  the  TBO‐impregnated 
polymers.  The  laser  light  alone  did  not  have  a  significant  effect  on  P.  aeruginosa 
attachment,  but  a  significant  decrease  in  attachment  was  observed  on  the  TBO‐
impregnated polymer  in  the absence of  the  laser  light  (p  < 0.01)  suggesting  that the 
presence of the photosensitiser alone did have an effect on bacterial attachment. 
 
Figure  7.10  Ability  of  the  TBO‐impregnated  polymers  to  prevent  the  initial 
attachment  of  P.  aeruginosa  PAO1.  TBO‐impregnated  (S+)  or  non‐impregnated 
control (S‐) polymers were either irradiated with laser light (L+) or incubated in the 
dark (L‐). 
7.3.2.2 Scanning electron microscopy 
The  attachment  of  P.  aeruginosa  to  the  TBO‐impregnated  polymers  was  further 
investigated  by  visualisation  of  bacterial  attachment  by  SEM  after  the  biofilm 
disruption  assay.  The  most  effective  irradiation  schedule  was  used  (180  seconds 
irradiation  after  0,  90  and  180  minutes)  and  the  decrease  in  bacterial  recovery 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observed  in  Section  7.3.1.2  was  confirmed.  There  were  substantially  less  bacteria 
adhered to the surface of the irradiated TBO‐impregnated polymers (Figure 7.11) than 
the TBO‐impregnated polymers that were not exposed to the laser light (Figure 7.12). 
 
Figure 7.11 SEM image of P. aeruginosa PAO1 on the surface of a TBO‐impregnated 
polymer after  irradiation with  the most effective  irradiation  schedule  (180  seconds 
irradiation after 0, 90 and 180 minutes). The total incubation time was 3 hours. 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Figure 7.12 SEM image of P. aeruginosa PAO1 on the surface of a TBO‐impregnated 
polymer after 3 hours incubation in the absence of laser light. 
 
7.3.2.3 Photo‐bleaching effects 
During the bacterial attachment assay,  the TBO‐impregnated polymers were exposed 
to multiple doses of  laser  light, which caused the  intensity of the blue colouration to 
decrease. The decrease in colouration was accompanied by a concomitant reduction in 
antibacterial  activity  (Figure  7.13).  It  was  shown  in  Chapter  6  that  the  antibacterial 
activity of the TBO‐impregnated polymers was proportional to the irradiation time and 
this  was  replicated  in  this  experiment,  as  the  greatest  reduction  in  P.  aeruginosa 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recovery from the TBO‐impregnated polymers was observed after 240 seconds; a 1.85 
log10  cfu  /  polymer  decrease  was  observed  compared  with  the  TBO‐impregnated 
polymers  incubated  in  the  dark.  However,  this  reduction was  significantly  less  than 
that observed on the naïve TBO‐impregnated polymers that were not pre‐irradiated (p 
< 0.001). This reduction in antibacterial activity was observed for all time points tested 
and the differences in recovery were all statistically significant (p < 0.001). 
The  reduction  in  P.  aeruginosa  recovery  observed  on  the  naïve  TBO‐impregnated 
polymers after 180 seconds irradiation in Figure 7.13 was much greater than that seen 
when this experiment was first conducted in Chapter 6; a 2.94 log10 cfu / polymer was 
originally  observed  and  a  3.56  log10  cfu  /  polymer was  observed  in  this  experiment. 
Moreover,  the  reduction  in  P.  aeruginosa  recovered  from  the  TBO‐impregnated 
polymers  was  greater  after  180  seconds  irradiation  than  240  seconds.  This 
demonstrates  the  intrinsic  variation  in  activity  of  the  TBO‐impregnated  polymers, 
which is also illustrated graphically by the large error bars on the bar chart. 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Figure 7.13 Effect of photo‐bleaching on the anti‐P. aeruginosa activity of the TBO‐
impregnated polymers 
 
7.4 Discussion 
7.4.1 Assessment of initial attachment of EMRSA‐16 
It  was  previously  shown  that  the  Ag‐TiO2  thin  films  and  TBO‐impregnated  polymers 
caused  a  significant  decrease  in  the  recovery  of  various  bacterial  species  after 
exposure to light of an appropriate wavelength. The viable colony count method was 
used to observe the photocatalytic activity of the materials, which was established by 
showing changes  in bacterial  recovery after exposure  to  the  relevant  light  source.  In 
this  chapter,  visualisation  techniques  were  employed  to  observe  the  antibacterial 
effect of the light‐activated materials. Initially, the photo‐induced ability of the Ag‐TiO2 
thin  films  to prevent  the  initial  attachment event was  investigated.  It had previously 
been  shown  bacterial  cells  are more  susceptible  to  the  photo‐induced  effects when 
the inoculum is lower (Saito et al., 1992; So et al., 2010). Therefore, the hypothesis was 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if  the  thin  films were able  to  reduce adhesion  of bacteria  to  the  surface,  then  there 
may be fewer bacteria present on the surface to be targeted by the  reactive oxygen 
species generated. The flow cell was used to monitor attachment of EMRSA‐16 to the 
Ag‐TiO2  thin  films  and  no  difference  in  bacterial  attachment was  observed  between 
the  Ag‐TiO2  thin  films  and  the  uncoated  controls  after  exposure  to  the  white  light 
source. This result was surprising as a 3.4 log10 cfu / cm
2 decrease in bacterial recovery 
was detected by aerobic colony count after 18 hours irradiation and the water contact 
angle  significantly  decreased  after white  light  irradiation,  so  a  reduction  in  bacterial 
attachment was expected. 
Page  et  al.,  (2009;  2011)  demonstrated  increased  attachment  of  S.  aureus  on 
irradiated  titania‐containing  thin  films  that  had  demonstrated  photo‐induced 
antibacterial  activity;  however,  the  bacterial  cells were more  dispersed, which  could 
prove  beneficial  for  photoinactivation  of  bacteria.  Liquid  inoculated  onto 
superhydrophilic materials like the Ag‐TiO2 thin films spread out as a thin layer, which 
means  that more of  the bacterial  suspension  is exposed  to  the  thin  film,  resulting  in 
faster  bacterial  photo‐inactiavtion.  The  group  also  examined  the  roughness  of  the 
titania‐containing thin films, and alterations in the surface roughness at the nanoscale 
did  not  affect  adhesion.  Increased  surface  roughness  is  commonly  attributed  to 
increased microbial adhesion, but this is on a microscale, not nanoscale (Verran et al., 
1991; Morgan and Wilson, 2001; Gray et al., 2003). Li and Logan (2005) demonstrated 
decreased attachment of B. subtilis, P. aeruginosa, E. coli and Burkholderia cepacia on 
titania thin films after  irradiation with UV  light compared with uncoated glass, which 
was ascribed to photoinduced superhydrophilicity on the  irradiated titania  films. The 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incident  light source used  in this chapter similarly used  light with a band gap energy 
large  enough  to  generate  photocatalysis  but  a  decrease  in  adhesion  was  not  seen. 
More recent work by the same group used spectral force analysis to further investigate 
the  adhesive  properties  of  non‐irradiated  TiO2  thin  films  and  hypothesised  that 
increased adhesion was not due to overall surface properties such as hydrophilicity or 
surface  charge,  but  a  small  number  of  ‘sticky  sites’  present  on  the  highly 
heterogeneous  surface  (Ma et al.,  2008). Application of  this methodology  to  the Ag‐
TiO2  thin  films would  determine whether  the  ‘sticky  sites’ were  also  present, which 
could contribute towards the persistent adhesion of EMRSA‐16. 
7.4.2  Disruption of an immature biofilm of EMRSA‐16 
It was postulated that the bacterial cells had remained attached to the surface of the 
Ag‐TiO2  thin  films,  but  had  been  photo‐inactivated  by  the  properties  of  the material 
and were  non‐viable.  The Live  / Dead BacLight™ Bacterial  Viability  kit was  therefore 
used  to  stain bacterial  cells  in an  immature  24  hour biofilm of EMRSA‐16 and CLSM 
was used  to visualise  the cells.  EMRSA‐16 was  initially  inoculated  in PBS, a  nutrient‐
poor  buffered  solution,  and  incubated  at  37°C  for  24  hours  to  allow  attachment  to 
occur, before 24 hours irradiation with white light. There were substantially more red 
cells present on the irradiated thin films than the non‐irradiated films, which indicated 
an  increase  in  the  permeability  of  EMRSA‐16  cells  to  the  propidium  iodide  stain, 
significant  damage  to  bacterial  cell  membranes  and  a  decrease  in  viability.  This 
reduction in the viability of EMRSA‐16 to the propidium iodide stain was not observed 
for  EMRSA‐16  inoculated  onto  the  surface  of  Ag‐TiO2  thin  films  incubated  in  the 
absence of light, the irradiated uncoated samples or the uncoated samples incubated 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in the dark. This suggests that the damage observed was dependent upon exposure to 
both the Ag‐TiO2 thin films and white light. 
The presence of non‐viable bacteria on  the  surface of  the  thin  film  increases  further 
attachment of bacterial cells, as the forces attracting bacteria to a surface are greater 
when  bacteria  are  already  present  on  the  surface  compared  with  a  bare  surface 
(Emerson  and  Camesano,  2004).  This  would  be  a  distinct  disadvantage  in  a  clinical 
setting.  However,  after  continued  white  light  irradiation,  photoinduced  oxidative 
decomposition  of  the  remaining  bacterial  cells  should  render  the  surface  sterile 
(Jacoby et al.,  1998). Loss of cell membrane permeability  is a well‐described stage  in 
the photo‐degradation of  bacteria  on  the  surface of  titanium dioxide  based coatings 
after  exposure  to  appropriate  wavelengths  of  light  and  this  phenomenon  is  also 
observed  after  bacterial  exposure  to  silver  ions  or  nanoparticles  (Saito  et  al.,  1992; 
Dibrov et al., 2002; Lu et al., 2003; Kim et al., 2007; Jung et al., 2008). 
Interestingly, this effect was not replicated when the immature EMRSA‐16 was grown 
in  BHI,  a  nutrient‐rich  growth medium;  low numbers  of  single  non‐viable  cells were 
present  after  light  exposure,  but  the  majority  of  attached  cells  fluoresced  green 
indicating viability. The cells present on the thin film had also begun to aggregate and 
form  microcolonies,  which  is  one  of  the  initial  stages  of  biofilm  formation  (Tolker‐
Nielsen  et  al.,  2000).  Overall,  a  greater  number  of  cells  were  present  after  the 
incubation  period  and  faster  bacterial  growth  was  encouraged  because  of  the 
increased level of nutrients in the bacterial suspension, compared with the PBS‐based 
experiment.  The  additional  proteins  present  in  the  growth  medium  could  have 
scavenged  the  reactive  oxygen  species  generated,  shielding  EMRSA‐16  from  the 
  260 
photocatalytic effects of the thin films (Blake et al., 1999; Komerik and Wilson, 2002). 
Furno  et  al.,  (2004)  observed  a  similar  effect  on  the  viability  of  S.  epidermidis 
inoculated  onto  silver‐impregnated  polymers  after  the  addition  of  host‐derived 
proteins. Conversely, Fuertes et al., (2011) showed decreased antibacterial activity of a 
suspension of silica‐coated silver nanoparticles against E. coli  in PBS compared with a 
standard growth media Luria‐Bertani (LB) broth. The authors cited that the decreased 
activity was due to a larger zeta potential of E. coli and the silver nanoparticles in the 
PBS  solution  compared  with  the  LB  broth.  This  meant  that  the  silver  nanoparticles 
immersed  in PBS were  less  likely to  interact with E. coli compared with the LB broth, 
and the antibacterial activity was dependent upon the proximity to the nanoparticles. 
It is unlikely that the zeta potential had a large effect on the photocatalytic activity of 
the  Ag‐TiO2  thin  films  described  in  this  chapter,  as  the  silver  nanoparticles  were 
immobilised on the thin film, rather than free in solution as a nanoparticulate powder, 
as described in the Fuertes paper. 
7.4.3 Prevention of initial P. aeruginosa PAO1 attachment 
The  ability  of  the  TBO‐impregnated  polymers  to  prevent  initial  attachment  of  P. 
aeruginosa  PAO1  after  irradiation  with  laser  light  was  subsequently  investigated. 
Repeated exposure to the laser light was needed to generate a significant reduction in 
bacterial attachment and the most effective regimen tested was 3 doses of laser light, 
for  180  seconds,  in  90 minute  intervals.  A  significant  reduction  in  the  viability  of P. 
aeruginosa  PAO1  was  also  observed  on  the  irradiated  TBO‐impregnated  polymers, 
compared with the TBO‐impregnated polymers  incubated  in the absence of  light and 
the  non‐impregnated  polymers,  regardless  of  the  light  exposure  conditions.  The 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endpoint of  the  biofilm disruption assay was enumeration  of bacterial  colonies after 
inoculation  onto  agar  plates,  which  only  detects  viable  cells.  Therefore,  in  order  to 
visualise  all  bacteria  remaining  on  the  surface  of  the  polymers  after  irradiation,  the 
samples were examined by SEM. A reduction in the attachment of P. aeruginosa PAO1 
to  the  surface  of  the  irradiated  TBO‐impregnated  polymers  was  observed  when 
compared with the TBO‐impregnated polymers incubated in the absence of laser light. 
These results combined, suggest that the photo‐activity of the polymers inactivated P. 
aeruginosa  PAO1,  which  resulted  in  a  decrease  in  the  number  of  viable  organisms 
cultured  and  less  bacteria  remained  adhered  to  the  surface  of  the  irradiated  TBO‐
impregnated polymers, as demonstrated by SEM. 
TBO‐mediated PDI had been demonstrated to disrupt the architecture of S. aureus and 
S. epidermidis 16‐hour biofilms, reducing the cell numbers and causing damage to the 
bacterial  cell  membranes  (Sharma  et  al.,  2008).  This  was  observed  after  treatment 
with an aqueous solution of TBO, which should inactivate bacteria at a faster rate than 
TBO impregnated  into a polymer, due to the  increased surface area to volume ratio. 
Other research groups have described PDI of bacterial biofilms after treatment with a 
solution of TBO and  irradiation (Dobson and Wilson, 1992; Seal et al.,  2002; Zanin et 
al.,  2006;  Donnelly  et  al.,  2007;  Nastri  et  al.,  2010),  however,  to  the  authors 
knowledge,  biofilm  disruption  has  not  been  demonstrated  on  an  irradiated  TBO‐
impregnated  polymer,  which  makes  this  finding  unique  to  this  thesis.  However,  a 
photo‐bleaching effect was noted on the TBO‐impregnated polymers after exposure to 
the laser light, which resulted in a reduction in the photo‐activity of the material. This 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indicates that the lifespan of the photo‐activity of the polymer could be limited, which 
would restrict the clinical application of the material. 
7.4.4 Limitations of the experimental work 
The  anti‐adhesive,  photo‐activity  of  each  of  the  novel  light‐activated  materials  was 
assessed against only  just bacterial  strain and  the adhesive properties of  one  isolate 
cannot  always  be  used  to  predict  the  adhesive  properties  of  another  isolate  of  the 
same genus or even species. For example,  the bapL gene was found to play a role  in 
the attachment of Listeria monocytogenes  10403s  to  inanimate  surfaces; however  it 
was  absent  from  a  number  of  L. monocytogenes  isolates  from  food  sources,  so  the 
attachment mechanisms found in L. monocytogenes 10403s could not be extrapolated 
to other strains (Jordan et al., 2008). 
The  size  and  shape  of  bacterial  cells  can  also  affect  the  strength  of  the  binding  to 
surfaces; so attachment of the Gram‐positive coccus EMRSA‐16 is likely to differ from 
that of the Gram‐negative bacillus P. aeruginosa. Microscopic cracks were observed on 
the  surface of  the Ag‐TiO2  thin  films by  light microscopy, and bacterial  cells  that are 
able to fit within these cracks could escape physical removal by cleaning (Verran et al., 
2010b). However this problem would potentially be overcome by the photoactivity of 
the  thin  films,  as  silver  nanoparticles  were  observed  in  these  ridges  and  a  photo‐
activated  antibacterial  effect  would  be  exerted  on  these  cells  after  irradiation  with 
white light. 
The flow cell model was used to investigate the adhesion of EMRSA‐16 to the Ag‐TiO2 
thin  films, however  it would be unlikely  that  the  thin  films would be exposed  to  the 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shear  forces  experienced  in  the  flow  cell  during  the  proposed  use  in  a  hospital 
environment. The flow cell was used as it enabled a constant bacterial inoculum to be 
passed over the thin film and provided the opportunity for attachment. 
The bacterial growth atmosphere can also affect susceptibility to the photo‐activity of 
the TBO‐impregnated polymers. Bacteria colonising the oropharynx will be exposed to 
higher  concentrations  of  carbon  dioxide  than  that  found  in  atmospheric  conditions. 
Wilcox et al., (1991) found increased adherence to polyurethane and silicone catheters 
by  some  strains  of  coagulase‐negative  staphylococci  after  growth  in  5%  carbon 
dioxide, suggesting that carbon dioxide could be used by the cells as a trigger to up‐
regulate  genes  involved  in  adhesion.  The  isolates  used  in  these  experiments  were 
grown  in  atmospheric  conditions,  so  these  candidate  adhesion  genes  would  not  be 
expressed. 
7.5 Conclusions 
The  anti‐adhesive  properties  of  the  novel  antibacterial  Ag‐TiO2  thin  films  and  TBO‐
impregnated  polymers  were  investigated.  A  reduction  in  the  viability  of  EMRSA‐16 
adhered onto the surface of the irradiated Ag‐TiO2 thin films was demonstrated using a 
differential  viability  stain  and  fluorescence microscopy.  The  reduction was  observed 
when  EMRSA‐16  was  prepared  in  a  buffered  saline  suspension  but  it  was  not 
replicated  when  the  bacterial  inoculum  was  prepared  in  a  nutrient‐rich  medium. 
Additionally, there was no difference in bacterial attachment on the irradiated Ag‐TiO2 
thin  films  compared  to  those  incubated  in  the  dark,  implying  that  the  photo‐
inactivated  cells  remained  adhered  to  the  surface.  A  significant  reduction  in  the 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adhesion of P. aeruginosa on the TBO‐impregnated polymers was observed after a 3‐
step irradiation schedule. This effect was determined using a biofilm disruption assay 
and  confirmed  by  SEM.  The  irradiation  source  caused  photo‐bleaching  of  the  TBO‐
impregnated  polymers  with  a  concomitant  decrease  in  antibacterial  activity  which 
would limit the lifespan of the material. 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8 Concluding remarks and future work 
 
Healthcare  associated  infections  (HCAIs)  remain  a  significant  problem  in  healthcare 
institutions  and  the  near‐patient  environment  is  known  to  harbour  bacteria.  These 
microorganisms can be  transferred  from  the environment  to a patient and  the most 
common  vehicle  of  transmission  is  via  unwashed  hands.  If  the microbial  load  of  the 
near‐patient  could  be  decreased,  then  the  risk  of  bacterial  transmission  will  be 
reduced, which may in turn reduce the acquisition and onwards transmission of HCAIs. 
Self‐cleaning  coatings  could  be  applied  to  hand‐touch  surfaces  in  the  vicinity  of  the 
patient, alongside other infection control measures, to achieve this aim.  
A  range  of  sampling  methods  was  initially  trialled  to  develop  an  optimal  sampling 
regimen  for  assessing  the  antibacterial  activity  of  novel  light‐activated  coatings. 
Reports  of  the  use  of  ATP  bioluminescence  to  assess  the  efficiency  of  cleaning 
regimens  within  the  healthcare  environment  are  increasing,  so  this  technology  was 
applied  to  provide  an  accurate  estimate  of  concentration  of  bacteria  on  the  test 
surfaces. However, the viable count technique was shown to be superior, and this was 
especially  apparent  at  low bacterial  concentrations, when  the ATP  bioluminescence‐
based techniques were unable to consistently confirm the presence of small numbers 
of bacteria. 
A series of  light‐activated, antibacterial materials were generated.  Initially,  two novel 
nitrogen‐doped titanium dioxide (TiO2) based thin films were synthesised by chemical 
vapour  deposition  (CVD);  titanium  oxynitride  and  nitrogen‐doped  titania.  These  thin 
films exhibited marked antibacterial activity against E. coli after  irradiation with both 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ultraviolet light (UV) and white light. Activation of the thin films with incident light of 
an increased wavelength demonstrated a shift in the band onset of the material, from 
the  UV  to  the  visible  portion  of  the  electromagnetic  spectrum.  The  photocatalytic 
properties of the N‐doped thin films were greater than that observed on the titanium 
oxynitride  thin  films.  White‐light  activated  sulfur‐doped  thin  films  were  also 
synthesised, and a significant photocatalytic activity was observed against E. coli. The 
greatest antibacterial activity was generated on the N‐doped thin films after 24 hours 
irradiation with white  light and a 2.5  log10  cfu  /  sample decrease was observed. The 
durability of the thin films was assessed by exposure to successive cycles of use and 
decontamination,  and  the  integrity  of  the  coating  remained  intact.  A  longer‐term 
evaluation  of  the  effect  on  wear  and  successive  cleaning  cycles,  in  addition  to  an 
assessment  of  the  toxicity  against  eukaryotic  cells  would  be  warranted,  as  these 
coatings would need to be extremely robust and non‐toxic if applied onto hand‐touch 
surfaces in a healthcare environment. 
However, it was difficult to synthesise reproducible thin films using the CVD method of 
deposition, and so an alternative method was used to generate a second series of thin 
films.  Silver‐coated  TiO2  thin  films  were  synthesised  by  the  sol  gel  method  of 
deposition,  and  the  addition  of  the  silver  nanoparticles  induced  a  shift  in  the  band 
onset  of  the  thin  films,  to  enable  white  light  activation.  The  thin  films  displayed 
photochromic behaviour, and a change in the oxidation state was induced by different 
storage  conditions.  After  storage  in  the  dark,  silver  was  oxidised  to  silver  oxide 
resulting in a purple coloured film; extended exposure to indoor lighting conditions or 
indeed  UV  light,  induced  photoreduction  of  the  silver  oxide  back  to  silver,  which 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resulted in an orange coloured film. A UV filter was applied to the white light source to 
filter out the minimal UV component emitted during illumination, and true visible light 
photocatalysis was demonstrated by photo‐oxidation of stearic acid, a reduction in the 
water  contact angle and  significant antibacterial  activity against  two microorganisms 
implicated  in  HCAIs;  E.  coli  and  EMRSA.  E.  coli  was  shown  to  display  increased 
susceptibility  to  the  antibacterial  activity  of  the  silver‐coated  TiO2  thin  films,  via  a 
light‐independent mechanism.  In  contrast,  the  photo‐induced  destruction  of  EMRSA 
was due to reactive oxygen produced by TiO2, driven by white light photocatalysis,  in 
turn  driven  by  silver.  This  is  the  first  example  of  unambiguous  visible  light 
photocatalysis  and  photo‐induced  superhydrophilicity  alongside  a  titanium  dioxide 
control that showed no activation. 
Assessment  of  the  silver‐coated  TiO2  thin  films  against  non‐vegetative  cells  such  as 
bacterial spores and viruses would determine whether the activity observed was broad 
spectrum, which would further increase the potential use of the thin films. Introducing 
organic  soil  into  the  bacterial  inoculum  would  establish  whether  the  presence  of 
non‐bacterial  contaminants  affected  the  activity  of  the  thin  films,  and  altering  the 
length  and  duration  of  the  irradiation  times  would  mimic  the  hospital  lighting 
schedules  and  assess  the  effect  of  day‐time  activation  and  night‐time  deactivation. 
These  further  translational  tests  replicate  conditions  similar  to  that  found within  the 
hospital  environment,  which  would  provide  more  detailed  information  on  the 
potential activity of the thin films in a healthcare setting. 
 The  anti‐adhesive  properties  of  the  silver‐coated  TiO2  were  also  explored  and  the 
viability  of  an  immature  biofilm  EMRSA on  the  surface  of  the  thin  film was  reduced 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after white  light  irradiation. This reduction was observed when EMRSA was prepared 
in a buffered saline solution, but was not repeated when the biofilm was grown  in a 
nutrient rich medium. White light exposure did not reduce bacterial attachment to the 
thin  films,  which  suggested  that  the  photo‐inactivated  bacterial  cells  remained 
attached to the surface. This feature would be detrimental to the functionality of the 
thin film in a clinical setting, as further attachment of viable bacteria to the non‐viable, 
attached  cells  would  be  greater  than  attachment  to  a  naive  surface,  which  would 
impact on reducing the bacterial load in the near patient environment. 
Further  investigation into the mechanism causing increased bacterial adhesion would 
be  useful  to  increase  understanding  in  this  area.  Spectral  force  analysis  has 
demonstrated  that  the  possession  of  numerous  ‘sticky  sites’  can  contribute  towards 
the  adhesion  of  bacteria  to  titania  thin  films,  rather  than  surface  charge  or 
hydrophilicity, which have previously been thought to be the main factors involved in 
attachment.  Identification of the  reactive oxygen species generated by the thin  films 
would  fully  elucidate  the mechanism of  the  observed  antibacterial  activity.  This was 
attempted unsuccessfully with various specific fluorescent probes, and further analysis 
into this area would be of great interest. 
Finally,  a  light‐activated  polyurethane  polymer  was  synthesised  by  the  swell 
encapsulation  method,  for  potential  use  in  endotracheal  tubes  (ETTs).  The 
photosensitiser  toluidine  blue  (TBO)  was  impregnated  into  the  polymer,  and  the 
antibacterial activity of the material was assessed using a panel of pathogens known to 
cause  ventilator‐associated  pneumonia.  A  type  II  photosensitisation  reaction 
generated  the  significant  dose‐dependent  antibacterial  activity  observed  against  all 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tested  bacterial  strains.  A  clinical  isolate  of  P.  aeruginosa  displayed  decreased 
susceptibility to the photo‐activity of the TBO‐impregnated polymers compared with a 
laboratory  strain,  which  suggests  that  the  laboratory‐adapted  strain  may  have  lost 
virulence  factors necessary  for withstanding attack  from singlet oxygen. A  significant 
reduction  in  the  recovery  of  a  clinical  isolate  of  C.  albicans  was  also  observed, 
demonstrating that the light‐induced effect was not restricted to bacteria. A significant 
reduction  in  the  adhesion  of  P.  aeruginosa  was  demonstrated  on  the  irradiated 
TBO‐impregnated  polymers;  however,  a  photo‐bleaching  effect  was  noted  which 
reduced  the  antibacterial  activity  of  the  polymers.  This would  impact  on  the  clinical 
application  of  the  product,  and  reduce  the  lifespan  of  the  material,  so  further 
modification  of  the  polymer would  be  necessary  to  prevent  this  leaching  effect  and 
retain the photosensitiser within the polyurethane matrix. 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